
AlAA 96-2784

A 1000 Hour Wear Test of the NASA
NSTAR [on Thruster

James E. Polk
Michael J. Patterson
John R. Brophy
Vince K. Rawlin
Jim S. Sovey
Roger M. Myers
John J. Blanciino
Keith D. Goodfellow
Charles E. Garner

Jet Propulsion Laboratory
Pasadena, CA 91109

Lewis Research Center
Cleveland, 01-i 44135

32nc~ AIAAIASMEISAEIASEE
Joint Propulsion Conference and Exhibit

July 1-3, 1996 / Lake Buena Vista, FL
For permission to copy or republish, contact the American Institute of Aeronautics and Astronautics
1801 Alexander Bell Drive, Suite 500, Reston, VA 22091



\
A l A A  96?” /8~1

A 10001 101ll’\i JC:II-rll:StOfNA  SA’SNSrl’A]{]OII ‘] ’]11’USkI’

J. It. l’olkl h4. J. l’atkIsoII, J. 1{. llK)l)lIy, V. K .  l{awlirl,

J .  S .  !%vcy,  1{. h4. hlym , J. J. IIlalldillo,  K.  1). Good  fellow and C. 1/, (;a IIICI

Al)stra(:t

111 a NASA ])rograln to validate 30 c.in X{:IIOII
io]l tlirilstc:r tcdlllolo~y for IIs12  ill ])la:lctary
Il)issio]ls  a cxnn])ilmtioll  o f  a])alysis aIId tcst-
illg i s  l)ciIlg used t o  Cstal)lisl)  Cl]g,il]c rc!lial)il-
ityi F i v e  loIlg  duration (csts arc l)la II II[xl t(I
id{nltify  IICW f a i l u r e  m{!clkallislns  aIId cllalac-
krim! tllc ])nralnctcrs Wllic.1) drive kIlowIl dal I)-
:Igo ac.clllnulntio]] failurf: IIIodm. 1]1 Lllc: f i r s t
o f  tlI{!sc t r o t s  a l]u]n})cr f)f scvcrc cllgii)c wc.ar
al]d  :l)atminl rdq)ositiol] l)rocx:sscs w{:rc ol)-
sc:rvd al)d tlK? cxlgillc  dmigl~ w a s  Il]odificd  to
nddrms LIIcsc  issues. A  1000 h o u r  wmr t(:st
w’as tlm) colldtlctcd to vc!rify  tllrrt  tlie. sc de
sign  CIIa IIgeS  stlcc.essf{llly rf!duccd tl]c a)gil]c
wc:ir NI)(l ]nrrterial dc:l)ositio~]  ralcso I\ KaIIs(:
o f  1111 (:11.01.  ill f l o w  rat{: calil)ratio]ls tl)c L(.st
w~is COllductd at a Soln(:wllat  low(:r  cllgill(’
]){,lfo]I]]:i:icc! lCVC!l  tl]a]) 1,1:11111  (![1, l)IIt t]Ic tcs{
(lc:lll{)~lstlat{!cl  tl]~t tl)[!  erosi o)) ~Iroc.c.  sscs W(, I (’
virtllally (:lilnilmtd lIy tllc (1(’sigll cl IaTIgCs. Ill-
forll I nt ion on smwra 1 ill)l)ortalit failllrc IIIm41-
nllis]ns  gaillcd fro]n l)otl] o f  tl)ese tc!sts i s
lIow I){:i]lg incx)r})orat{!d ill I)rol)al)ilistic fail-
Ilrc Inodc]s a n d  jwcrmratiol]s  for aII  8000” 11{)111

1“wmr twt nrc j)rocccc lIlg.

II]trodocti{)]k

XtlIolI  ioIl l)rol)ulsiotl  offeIs  a IIul IIbcr of Ilcllcfits [or
l)latleLarj  [Ilission  al~~)licatiorls.  }{ccausc  o f  i[s ttip, !t
eflicirv]cy  arid  s}mcifi~ iln[)ulsc  ca[)al)ility, iolt ])rol)ul
sion  crir I sigllific.alltl~  dccrca.w tllc I)rol)cllallt tIIa.ss
o r  d e l i v e r  Jlmrc  I)ayload  ]l~ass and, for  Inarly  l)la~I
ctary [nissiolw,  s u b s t a n t i a l l y  decrc~se ttlc trij) tillw
NASA’s  30 CIII xcrloll  iorl thruskr  tecttrmlo~y  is bcirtg
validated for usc ill planetary missiorls ill tlIc  N A S A
%~lar I;lectric. l’ropulsio[l (S1;1’) ‘1’cclIIIc)logy A~)l)lica
tio]l  lt.cadi~lcss  (N S’1’AR) j)rogralil. ‘1’llis Ilrogrrrlll  i s

dcsigllcd to dcvclo[)  tltc i n d u s t r i a l  cal)at)ility  to [Jro
duce  flight cllgitic, Imvcr p r o c e s s o r  arid [)rol~cllarlt
fcr’d systcin Ilardwarc and denmlstratc that tlIc  tccll-
rjo]()~,y is IIla(tlrc CIIOUgl I for flight  a~)l)licatiolls.  ‘1’llis

latter I)ortiorl  c]f lIIC []rogralll is foc.rlsscd Iarp,cly 0 1 1
l)rovidill:, flight  j)rogra[n t[ta[iagcrs wi(tl sllfliciclit irh
for[llatiol) OII ljcrfcrrlilarlcc, relial)ility  arid sl)acccraft
il]tcractic)lls to give  tlIc  In t h e  col Ifidcl  Ice to use  (}Ic
lccllrlolc)~y.

‘1’lIc Lccllr]olo:,y  va l ida t ion  i[lvolvcs  a Iargc  ground
t e s t  l)ro,qraln  cor]ccritratillg  on tllc (If’rllc)llstratioll
of crlf,itlc  [)crforllla[lcc over the required tttrottlil[g
rallgc, cllar~ckri~,  at ion of LIIC  mlgirle  arid IJ]UIIIC’ i]ltrr
actimls will)  tile sl)acccraft, at!d dcllmllstratiflg s~lf

ficicnt  cngit)c service l i fe  ca])al)ility for dc[llarldi[l~
[~lallctary  rllissiot]s. lkc.ause ion cIlf,illcs  <ire itlller  -
CIItl Y low tllrllst d(, vicrs, cxtrelllcly Ior[p, t)(lrtt ti[iws
arc rcquimi. Ijor illstallcc, a tyljical  slllall I)ody  rell  -
(lcylwus  Illissio[l  \vollld rcquilc a[I cIlgillt life of ()()0()
1 2 0 0 [ ) ”  IImlrs.  l)clllorlst rating cil,gillc rclial)ility  for
sucl  I a ]ollg scrvic(.  Iifc I)y testing alollr= ivould  be l)ro
Ilil)itivcly cxl)c[lsivc, so Iifctirlic  asscssrricrlt for cr]gilic
wcitrout failure IImdcs  Inust rely to a large cxtcht.  m

analysis l)ascd  orl an ulldcrsta[lditlg o f  L!lc [)llysics
of failure [1]. ‘J’IIc NT S’l’AIL  })rograln  i]lvolvcs  a CO III

l,irlatic)n  o f  groull(l-l)ascd tcsLing  and analysis ailllcd
a t  l)rovidi[ig  a q~lalltitativc  asscssr[ir[[t of cr~girlc r{-
Iial,ility for  tllc d(,[[lillallt f a i l u r e  [ncclialiisrns. l:i!c
k)rlg duration  t(sts arc Ijlall!lcd.  ‘1’iIc II[lr[)osc  c)f LIICSC
wear  tcsls is to i{l(c]ltlfy  ullcx})cctcd  fdilllr(’ rtlodcs  and
cllaractcrim tllc lJiirarllcLcrs  wliicil  drit’c  ktlowli  f a i l -
ure  Imcilallisllv+.  III tflc  first test, 2000 }[ours of ol)-
cratioll at ttlc fill! I)ow’er I)oirlt,  scvcra[ [)otcIILia\ fai!-
u r c  Inccllarlis[lm  tvtrc idclltificd and st~ldicd  in sulJ-
scqrrcl]t s}]orter d~lration  dcvclc]l~rlw[lt tests. lkwi~,rl
cliarlgcs rrxlllti[lg  from this cxl)cricllcc were tllcll vaii-
drtted ill a 1000” hour wear  tcsL at ttic f(ll] l)cmrcr [)c~il]t,
I)rcl)aratory Lo starting arl clldurarlcc test for t\Ic  full
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8000” Ilol!r ciesign Iifc. ‘1’llc ~m(clltial  fa i lure  rllcclla-
Ilisllls  olmrvml  ill t h e  2 0 0 0  Ilcmr test rulcl LIIC  cllgillc
clcsifin )Imcfificaticrlls  arc rcvicwccl  ill ttlc IICXL scctioll
A  dcscri[~tiori  of tllc IIarrlwarc arid  tllc f a c i l i t y  used
iii tllc 1000” hour test, a sullllnary of cll~;iltc o~wratiotl
atid ~jcrforl(ialtcc  during tllc tmt and t))c ]CSIIILS o f
ttlc l)ckst-test ctlg,inc col III Jor)c IIt analysis arc tllctl Ijre-
scllt,cd,  Ipillally,  Itlc  cffcctivcllms o f  tllc dcsigll  rnc)d

ificat i o n s  in itll[)rovill:,  crigine  life, flew irtsigl)ts  irllo
l.l Ic f a i l u r e  lrmllarlisl[ls gaillcd frolrl  tlIc  test alId  tllc

al)l)licatiori o f  t h i s  Illldcrstalldi]lg irl tlIc  assesslllctl(
of failurv risk is discussed.

‘]’tlc (Icsigll  CJ tltc  NS’J’AI{ ion crlgillc  arid  tllc irlitial

2 0 0 0  }Iour test o f  t.})e ltrlgirlccriri,g  hfodcl ‘1’tlrustcr
(I:h!’1’) Nurnlmr  1 are dcscribcd irl detail irl Ikfs. [2’,3,
4] and sulllrllari7ccl  l~ricfly Ilcrc.  ‘1’IIc l; M’1’, cfcvclol,ed
I}y t}Ic l,cwis llcscarcll Cellkr (l,cliC), is a ririg-ells])
tllrllster dcsigrr  I)asml 011 a  fullctiollal  lnodcl tllr(lstcr
wtlicll  illcorl)oratcs a rlurn])cr  of tiovcl  Clcsigrl features
aitllctl l)rirllaril.y  at rcducirtg tlIc  t}lruster  ]I]a.w arlci
})rovidir]~  a I)owcr tlirottling crlvcloj)e  of 0.5 to 2.3 kW
\vittt  dcsigrl  scrvicc Iifc c)f 8 0 0 0  hours at full I)owcr.
‘1’IIc tllruskr collsis(s o f  a  corlic clisctiar~,c  ctlar[ttjcr
\vllic}l  tralisitic)rls ((, a sllott cylirlclr  ical  s{,ctiorl illi

rllcdiatcly  ulxttearrl  o f  tllc iorl c)l)tic.s. ‘lb rnirlirllizc
(Ilrustcr rrlass  and silllljlify fal)ricatic~rl  ljroccdurcs,
(IJC discl]arp,c  cllarlll)cr  is cor]structcxl frolrl  alulnirllltll
aI)d titarlil)rll  alloys In tl,c 2000  Ilcmr test of I;hl’1’l

tllc illtcrior discharge ctlaInl)cr surfaces were rrot tex-
tured or  s]wcially I)rcl)arcd to  irl]l)rcwc tllc aclllcsioil
of sl)~lt,t,cr-dcl~c)sitc(l films,

‘it, sirill)lify  tll(. l)[)wcr I,rc)cessirlg  arid rllii~irllim  tllc

rl[lrt]l]cr of discltarp,c  cl]arrll)cr  corIIJ)cmcJIk  sul)ject to
sl)utt,cr cr(miorl tlie (Iiscllargc }Iollow ctitllodc irl t h i s

initial dcsigrr  did riot rrll}]]oy a kcel)cr or slartirl:, clcc-
trodc arid  discliarf,c couljlirtg  to tttc arlode w a s  u s e d
f o r  igllitiorl arid s t ( a d y - s t a t e  ol)eratiorl. ‘1’llc Iiollow
catllodc clnl~loys  a s}lcatlrcd  IIcatcr clcxigri, d e r i v e d
frortl  tllc rrmrcury  i(~rl’tlrruster,  wtriclt is used for Imtll
activatiorl arid igliitioli o f  tlic catllodc.

‘Iwo grid, rnolyl)dcllurn ion  optics ctcrivcd  frcnll art
crlgirlccrirlg tnoricl  rllcrcury iorl ttlrustcr a r c  u s e d  olI
t)ic  lLh4’J’.  ‘Illc  scrcc[l elcctrodc i s  0 . 5 1  rllrn t h i c k ,
w}lilc t!lc  accelerator e l e c t r o d e  i s  0 . 3 8  rllrn. ‘Illc’
s~rccr]  grid tllickrlms w.Ms increased fro]n  t h a t  011 tllC

fullctimlal  rrlodcl  tllruskr t o  ~)crrrlit reduced acceler-
ator ,gri(l o~~cratirlg  voltages arid  iticrcawd grid lifc-
tirllc. ‘J’lIc aljcrturcs are c i r c u l a r  with Ilolllirla]  irlrlcr
diarlletcrs o f  1.91 r[lrll arid  1.14 rllru f o r  ttlc scrccn

allcf accelerator grids, rcs[~cctivc]y. ‘J’llc ol]cr[ a r e a
fractiotls arc 0.67 ar~d ().22 arid t}le riortlirlal  CC)lCI  grid
gal) is  set  at 0.66  rllrn. ‘1’tlc scrccll g r i d  was  electri-
cally isolakd for  th is  tes t  wit]]  tllc cxI)ectatioll that
i t  would  f l o a t  l)ositivc of  catlloctc ~)otcrltial,  recluc-
irlg tllc crlcr:hy o f  ilrll)irlp,irl~ iorls arid irlcreasirlg grid

lifctilll(.

‘I’l Ic 2000 }Iour test was corrducted at t}lc full l)mvcr
lmillt,.  I)urirlg arl illtcrru I,(ioll  c)f tllc t e s t  a f t e r  876,
Iloors of ol)cratiorl s e v e r e  crosic)rl o f  tile discllarf,c
catllo(lc assrllll)ly Jva.s IIO(C(I.  lVllilc  (lie  c)rificc  arid
cl]arllft’r  :i[)l)cared  to l~c Illldalrlagcxl,  tllc c)utcr  cdr,c
of tllc orifice l)late was eroded to t]lc  cxtctlt t]lat tllc
elcc(  roll I)carll  weld I)eacl 01] tllc Imril)l)cty  w a s  Iio
k~ll~cr Visitjlc. I)arrla/,c to t}lc IIeatcr coil outer sllcattl
or] (IIC l)ortioli of tllc first turn facirl~, ctowrtstrcarn \vas
also  (>l)sf,rvcd  ‘1’l]c crltirc cattrode asscrol)ly w a s  rc -
[Jlacml arid tttc 2000 liour test wa$ cc)rrlJ)lctcd.  Sirllilar
crosi(~rl lvas folrrld orl t.tlc catllodc asserllljly u s e d  irl
tllc s(coud kst segtlmrlt.

‘J’lic scrccrl  grid  a lso  cxl)cricricc urlcxlwctcdly  ttigli
crosiorl  r<sultillf:  irl a sigllificarlt rcductiorl  in tile ~)ri(l
tt)ickllt~. Cor[ll)irlcrl  ol)tical  a]ld d i r e c t  rllca\\lrf-
IIlcrlts  01 tllc grid  011 axis  indicated  a  ttiicliricss rc-
dilcli(ll!  <)faljJjr~)xill!atcly  100 I lo~irll at ttlc rllirlirl!~lni
tllickrl{+> locatiorl :ilol Ig a  Iirlc joirlirlg two  scrccll
IIolcs ‘1  II(L rcducti(~rl  ill tllickiless was  duc to  a cOII:I
t)irlatio]l  of a urliforll)  clcctrodc tlkirlrlir)g  a s  w e l l  as

cllarllfcrirlg arourlci  tllc u])strcarn lxrilncters o f  tllc
scrwll ~,ri(l IIOICS  ill llIc  ccr)ter o f  tllc grid,

‘1’ll,r[  fvas -1s0 sigllificarlt  dq)ositic)ll arid  sp; illing
o f  tllirl  filllls.  ‘J’l)e sl~allirlg  filrrls w e r e  corlfirlcd  to tllc
dolvrlstl(alil clld of tllc d ischarge  cllar[ll~cr  011 tllc ti -
(al]irlrll  iil)odc  sllrfacc, alorlp, tllc iriterior lil] o f  (IIC
f o r w a r d  lrli,grrC’t rctcrltiorl ririg  arid  or] })arts  o f  tl(c
rlmirl l,l[)l)cllatlt  l)lrrlurrl. ‘1’llis was a rl]ajor cotlccrrl
I)ccalls<  of tile I)ossil)ility  of clcctricat sllc)rts  C;([IM d
I,y sl)all(x]  flakes  of sl)~lttcr-(lc])mitccl rrratcrial.

A l l  otllet crigirlc  (orrll)ollc[its suffered l i t t le  01 110
clarlla:,(. ‘1’tlc tllrcc t)otcrlt  ia! f a i l u r e  rnccllariisrlls
idertt  ificd I)y tltis test led t o  sevcrril  ctcsigll rrmdifica -
tiol]s. Irl dcvelol)rucrlt  tes ts  j)crforrnccl  af ter  tllc wear
test it !v&s fourld  ttlat tllc scrccll grid could  f loat  sev-
eral volts rlcgativc o f  catltodc I)otcrltial arid  Lllat tllc
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floatitlg  lmtcntial ~a-~ a strong functiml  of I)rol)cllarlt
eflicicrlcy.  A  shift ill tllc ~I]iii]) f l o w  lnct,cr  calil}ra-
tio[l of 7.5 ~wrccrlt  was  cfisc.ovcrecl af ter  tl)e  tes t ,  irb
dicatillg t.llat tl]c  l)ro~)c]larlt  cflicicncy ovct  sofnc  lJor-
t.ioll c)f tlic text lnay tlavc  b e e n  s u b s t a n t i a l l y  Ili.gller
thal] I)laIi IIed. hfm.surerlicllts  of the rlouhlc-to sillglc
iol] cllrrcllt ratio rlladc after the wear test yicldrd a
value of ().30 at ttlr’ IIigtlcr  I)rol)cllant Cfficicllcy,  wtlilc
at tlic irlkllcicrl  ol)cratilig l)oint tllc r a t i o  w a s  0.13.
‘1’l)c col[ll)illatioll of  a  scrccll grid i)c)tcntial ncga(  i~’c
o f  cattiodc corllrlmrl  and a IIi.gllcr than cxl)cctcd dou -
I)lc io[l f r a c t i o n  w e r e  idclktificd  as the ~)rililary  rca-
soIIs for t}lc excess ive  scrcwl] grid wear, atld  tllc dc-
si~,ll was llmlified to e lect r ical ly  connect  tllc screcrl
grid lc, catllc)de  colnrl)c)li and q)cratc at a  l,rol,cllallt
Cflicicllcy  of 0.93.

I t  w a s  cx})cctcd  that this wcm]d a l s o  rcducc ttlc
dcl,c~itioll  rate of films in tllc discharge cl]al[lbcr. II]
aclditio]l, t}le C!iscllargc  cllarnbcr  cfcsigll was  I]mdificd
t o  ilnl)rovc  sl)utt,cr contaiuInerlt. ‘1’llis design cllal]~,c
irlclud(vl  llIe  a])l)licatioll of grit-blasted stainless steel
IimlI to tile forward cnd of ttle discharge ctlarnbcr ou
all titar]iurll slid stair llcss  steel surfaces and ttlc use  of
grit- l)la.stirlg, 01] all other Clisc.llargc ctlalnllcr  surfaces
to I)roduce surface features witl]  a rc)uglincss  scale of
1 0  1(111  l’rcvious  cxl)cricnce  i[]dicated tliat this was
sllflicitrll 10 cmltrol flalics  Ill) to 30 1{111 thick [5] .

‘1’tlc cathode and IIcatcr wear mccllallisll~  is riot  WC]]
ul)dcrstood, I)u[ is al)~)arcrltly  related to a source o f
Iligll clltr?,y io]ls gcrlcratcd  IIcar  tllc catl[odc c)rificc.
Several dcsi{:ll cllarlp,cs  were irnl~lclncrltcd  to lllitig,iitc

catllodc and Ileatcr erosion based orl tllc avail  at]lc  cv -
idcllcc. ‘1’tle weld, whit.1) joins tllc orifice I)latc to tile
catllodc (.ulw, was relocated to the side of tile catllodc
s o  t,llzil it is sl]iclclmi  frc)~n tllc Iligll ellcrgy iorl fl[ix by
t.llc orifice I)late, ‘1’llis design change will clearly cx-
klld tllc life of this critical joint. ‘J’hc catllcdc Ilcatcr
w a s  alw~ retrack] so that tllc clown strcalll surf:ic<, is

1 . 7  lltl[l ulmtlcarll  o f  tllc catllodc ti]).  ltl Iollg dtl-
raliol! t e s t s  l)r ior to  tlIc  2000 }Iour t e s t  ttlc }Iratcrs
were  rc(racted allcf cx[)cricllccd 1 1 0  crosioll,  l)resulll-
til)ly I)ccause tllcy whe also  sllicldcd by tllc o r i f i c e
l)latv.  I’irlally,  tl)c catllodc assc][ll)ly  Ilas  Iwc[l cib
c l o s e d  witllill a cyli[ldrical  keeper. ‘1’hc gal)  bctwmll
tllc dowrwtrca]ll face of tllc cathode orifice plate and
tllc ul)strealll side of the Iwcl)cr orifice plate is as s[nall
a s  l)ossil)le  ill an attc[nl~t to .sIlicld tile o r i f i c e  ~)lat.c
fro[ll  ttlc tli~,ll cllcrgy iol[s.

‘1’IIC ot)jcct ivcs of tlic 1000 Ilour  test were  to dcilloll-
s(rfit{.  t h a t  tllcsc rlcsigll  clla[lgcs were  Successftll  ill

rcducillg  tile ccn]t~mtlcl)t w e a r  r a t e s  and s[~uttcr dc-
I)cxit flake forlllation, ol)tain additio[lal illfor[[iatiorl

C)II t.llcsc wear l)roccsscs ttlat could bc used  to ilnl)rovc
tl]c  c[l?,ille  reliat)ili(y a.sscss[ncllt  arid  test tllc f a c i l i t y
and ol)cratirlg I)roccclurm  ttlat ~~’ould be usccl f o r  tllc
sutmqtlcllt 8000 Ilour wear  test.

l){!scri])tio]l of tl]c k;ll~illc  slid tllc lt~idurallc.c
‘J’cst  Facility

‘J’llc (Ilrustcr u s e d  irl tllc 2 0 0 0  tlour  test wa.< suljsc-
quc[i(ly u s e d  ill a II{lllll)cr o f  dcvclol)rlmrlt  t,csts  arlrf
ttlc[t  rctrofi(tcd t o  illcorl)oratc LIIC design llmdifica -
tiolls. ‘J’l]e ion oi)tics installed fc)r tllc 1000 Ilour  test
h a d  I)ecll used  l)rior  to that for at)out 200  hours  o f
c)l)cratioll  at tllc full allct Ini]lilnuln power  levels  ill

a  relatively slnalt vacuutn f a c i l i t y  a t  l,c1{C. A IICW
IIelltralizcr asstiIIl)ly and disctlargc catllodc asscllll)ly
wittl  kccl)er  e lect rode were  itlstallcd. ‘1’llis t)cw coTl -
figurattotl  Kas  tllcrl  dcsig[latcd I;hf’1’11).

‘1’tle cngirlc ill tllc w e a r  t e s t  corlfiguration  w,a.s
tested at six ol)cratillg l)oillts sl)altlting tllc t h r o t t l i n g
ratlp,c aflcr a.sscllll)ly  a t  I,c I{(; and I)eforc  clclivcry  tc]
tl)c  J e t  I’rol)lll.ic,[l  I,al)ora(ory (JI’1,  ) f o r  tllc \v(ar
test. ‘1’llcsc tests were  rcl)catcd at J 1’1, after deliv-
cly to (llsurc tllii(  tllc Cllp,illr Ilad Ilot t)ecll  dalllirp,ccl
dllritlg [rallsllorl :il Id to collll)arc tllc rc[)eatability  of
Itmasurcllmllts  I)etwwli  facilities. ‘1’l]e discllar?;c volt-

age  llwasurcd ill J l)l,’s  facility was collsistclltlY Io\\,er
(Ilall  that llwasured at l,cwis a r i d  tllc Cfiscltargc  cur-
rcllt. c{)rres]]c)ll(llllp,ly Iligller.  In I)rcllaratioll f o r  tllc
8 0 0 0  Ilour  test afkr tllc corllplctioll of tllc 1000 Ilour
t e s t  (Ilis cliscfc[)arlcy was traced t o  all error i[l tllc
f l o w  rate IIlc:,surcmellts lnade at J1’1,. ‘1’IIc cause o f
tile lllciis~]r~lll(]lt errol is discussed I)clow and tl]c dc-
tcrlllill:itiorl  of ttlc t rue  flo!y rates is rlcsc.ribccl  ill ltlc
Al~l~cllclix.

VaC[IIIIII  l’aci]ity

‘1’llctcst w~sl,crfor[lml  irl a31rlrlia111etcr,  10111 Iollg
stairllcssstecl \:tcl)(llllclttirl~l)er  purn~~ed by tllrcc 1.22
111 cliallwtcr (;Vl cryol)ullll)s with a puin~)illgsl~cccl  of
4550  kl,/solI xcrloll and 4 cryoI)ulllps consistiligof
0 . 4 8  III diallwlcr l)urc  alulllillurn  d i s k s  llloulltcd  orl
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l’igure 1: ‘1’ank I,ressure auci accelerator  grid  current during tllc wear  tes t

(;ryc,llvcll  AI,200° coldlirads wittl  a  ~,ullll]illg  slwed
of at)o~lt 10 kl, /s each, for a total sl)ccci of apl~roxi-

tllakly W kl, /s. ‘1’tlc Crymlwcll Ilc refrigerators were
oIJtilnizcd to provide 100 W c)fcoolillg  cal)ability at 40
K, a tcl]l])craturc suflicicrlt]y low to cryol)ulnp XCI1OII.
‘1’]Ic si{lcs of (,}Ic alll[llillulli l>l:itcs facirlg  ( t ic  Vaculllll
cllallllwr \valls  were covered  ifl rllulti-layer irlsulati[~l)
to rcciucc  tlic IIeat  load to (Ilis surface, so tllc sidrs
f:icillg  illtvard  scrv(xl  as (Iir l,ullll,if)g  s u r f a c e s .  ‘1’IIc
d i s k s  w(rc sizcci fol- a t}lrorctical [Jullll,iltg  s~)ecd o f
1 0  kl,/s cacll wi th  80 W of Iltat load  at a] I alnbicrll
klil])erature of 20 dcgrccs C. ‘l’tie lnczwureci pumI,illg
sl)ccd  lnatctlcd ttle tlleorctical, t)ut ttlc tllcrmal dcsigll
~!~s al)])arclitly [Ilargillal. Aft,cr al)out,  so hours of ol)-
cratio]l srllall  l)iccm  of xcl  Ior I icc s tar ted to fall frol[l
llIc  Iju]]ll)i]lg  sllrfac(,s, causirl~ slnal] l)rcwure sl)ikes
s e v e r a l  (,illws I}cr dhy, I)articu]arly duril}g  t,llc IIo(tcst

Ilours. ‘1’llc data  acq[lisi(io]l ti]]d c o n t r o l  systclll \Yas
I)rograllllnmi to tul i} off tile IIigll vo]tagc during tl]csc
(.vcl)ts  to avoid  cll~,irlc o[)cratioii  wittl  a IIigll acceler-

ator gri(l currerlt ‘I’l Ie tailk ])rcssurc a s  a  fullctic)ll
o f  clal)scd tillw wit}lil)cal]l rxtractiori i s  IJlottcd ill
l:ig.  (1 ), which  Sl)ow,s (Itat ttlr l)ressllrc was tyl>ic.ally
al)ollt 4 . 5 x  1 0 ”  G  ‘1’brr up tc) r[lrl tlour 51!), at wliicll
lloint C,IIC of tile Cryolncctl IJUII]l)S failed  arid ttle IJrcs
sure rose to 5x 10- 6 ‘Ibrr. ‘1’l)c facility f-mqc ~)rcs.sure
w a s  t.yl)ically  1- 2X 1 0- 7 ‘It)rr.  When th is  ljurlll)  w a s

rel)aircd at rllrl }Iour 9 1 0 ,  IIIC ljrcssurc r e t u r n e d  tO

tllc I)revious value .  ‘1’tlcre is also a clear day-[ligllt
cycle  ill ttle t.arlii [)rcssllrc, \vllicll rcficcts tlIc  ljulnIM’
se])sitivity to tl]c  a[l~l~icrlt telllljcrat~)rc.  ‘l’]IC dcvc].
ol)rlwllt  of tllc 40 K XCIIOII  cryol)ulll]m  is disc. usscd
it) [Ilorc  detail ill [6] .  ]’or (IIC 8 0 0 0 ”  I]our test all irll-
I)rov(d  tllcrllltil (Itsi?,ll v.,llictl  illcrca<ctl  tl)c l~urtll,itlg
sl)ecd  allri al)]Jcals to Ilavc s o l v e d  ttlc Ijrot.)lcln wit]l
l)rcss~lr(, sl)ikcs  lVitS illl})lc}ll(lllt,(l.  ‘J’llis systclll is also
descrit)cd ill this rcfcrc]lcr

‘ 1 ’ 0  rcducc ttle allmurlf  of facility rllatcrial t)ack-

s])uttercd o]lto  ttlc cltgirlc, tllc walls and rear of the
cllatlll)cr were  Iillrd  with  gral)l]itc  lIalIcls,  wllicll  IIavc
a  sl)uttcr y i e l d  al)out 3 1(.I (ilnes lol~’cr tiiarl stail]-
lcss  steel. ‘1’0 fur(tlcr reduce tl,c I,acksl)utter rate Lllc
I]aricls  ill !IIC rear  of  tllc ctlarlll)cr w e r e  arrallgcd ill

a Ctlcl’rorl ])attcrll. Ilccausc ttlc sl)uttcrcd ~rlakrial
Ieavcs  (I, r surface with a cosillc  distril, utiorl, I)crllal)s
wi(ll  a sliglltiy  for$iar(lscalt(,r((l  cor[ll~oucrlt,, arlglillg
ttlc surfaces irl such a coil figuration  (iircc.ts  mos t  o f
tile sl~llttcrcci  rlmkriai  away  frc)rn tllc ellgirlc.  ‘I’i Ie
efiicacy of ti)is (icsiF,Il  w a s  d{>[nollstratecl  in a  6 0 0 0
ilour t e s t  of tttc liussiai] Sl”i’  100 s(:itiorlary l)iasrrla
tl]ruskr[7] I)y tl]e  low, cicl,ositioll  rates orI tllc crlginc
arlci tile iargc arllouuts  of  gral)i}itc  f l a k e s  fou]ld  l)c-
iliud  tlIc  cilcvrorls afkr tilt, test. Irl tile 1 0 0 0  IIour



qu.arty  crysta l  Illicroljalallcc  (Q(~hf) lllout)kd IIcxt  (o
lIIC cllF,iltc in thr’ I)lanc  of ttlc grids, wllicll  i n d i c a t e d
a dcl>c,sitiotl  rate of () 16 log/c rnzkllr  or 0.7 jlrll/kilr.
I’c,sl trwt arlalysis o f  tl)c  clc])sc gral)tlitc fillll 011 Ltlc
Q(; hi rcvealrd all actual t h i c k n e s s  o f  0 . 7  IIlicrolls,
tvllictl  agreed well with tlIc  i[ldicatcd  rate allrf tlic
tllickrlcss ofotllcr filltls  collcctcd from tllc faci l i ty .

‘1’llc l~rol)ella]lt  feed syslclll Jvas cmlstructcd frolll
llltra-tki~,ll  I)urity colIIl~ollellts,  clrctrol)olistlccl  staiw
Icss stfxl  Lubillg  and welded  joi]lts o r  fittin~s wittl

IIlctal face  seals ‘1’tlc Illairl  IJrcrl)cllarlt  l ine  was feel
frolil{)llc XC]IOII I)ottle atid tlIe  cattlo(fc and  llcu(ral-
imr Iillcs w e r e  IIlarlif’t)ldcd to~ctllcr arid fc(l (roll]  a
sccolld cylilldcr.  l;actl cylilldcr  tlad  a  twostap,c rcF,-
IIlator IJrc)vidillg  a  rcgulatrd l)rcssurc of at)out  344
kl’a (~{fi  I)sig).  ‘1’llc f l o w  rates w e r e  colitrollcrf witt]
ltlarlual rnicrorlwtcr val~rcs IIlou[lted  illsidc tllc vac-
UUIII chall]t)cr so ttlat all Iillc.s cxl)oscd  to air tlad  itb
Lcrllal  xc[loll  i,rcssurm at)ovc  at[lmsl)llcric.  ‘1’tlis al)-
I)rciactl wa.~ ctlosell  over collvrlltio]lal  flow co; llrol]crs
to Illilli(liim ttlc risk of air leaks i]lto  tl)e  IJrol)ellallt
lirlcs,  ‘Illc flow late in each line  was ]ocasurcd w i t h
(Illil IIls(rullwl)k floiv IIlcters I;acll Iil]c IIad a  I)yl):iw
alollll(l tllc flow [Ilet(, [, tvllicll allow,(,d tllc fl[jil, III(..
1(IS to I)e isolakd lvltl  I lalvcs l o c a t e d  uIxt[calII atld
dowtlstrcari]  t o  tllorlitor tllc mltl)ut volta~e at zero
flow witliout  il)terr~ll~litlg  f l o w  t o  ttlc cll~,illr.  ‘1’IIc
lI(Jw IIwlcr  zeroes  wcro cl)cckcd  daily tllroll~,llout  tl]c
test and rc-zeroed \vl IcII  Ilecfxsary to I)rcvc[lt flcnv rate

llm.$urcllwltt e r r o r s  a.ssociatcd with zero  cfrif(. ‘1’lIc
(Jtlit  Illstrurrwllt flc)w rlwters w e r e  found  t o  I)e CX.
tra(~rdillarily  stal)lc, rcqllirillg  acl.justl[lcjlt  oTIly a  few
tilllcs during,  tllc 1000 I]ours.

‘I’l Ic flow could I,c (Iivertcd tllrougll  (WO calil)[  ation
l,[)r(s  so tflc  Illiiill arl(l I,otll ca thode  flow’ Ill(tcls co~lld

I)c Cillil)ratcrf  itl-silw ‘1’1)[’ flow rlm(crs  were calil)ratcrf
~1$.1[1:, a ‘] ’c ICdjf[IC  lliih(ll)F,S II II NI-l A 1)~11)1)1(.  VOllllllC-

tcr. “J’lIc  accuracy of  tliis calit)ratic)rl’(lcvic<  lItLs Iwcl)
clt(, ckcd against all hll S’l’-(raccal)lc [)istoll  I)rovcr  a t
(IIC MKS Corl)oratioll Ill Costa hlcsa, Califo[tlia wi(ll
IIitro:,cli  over a rallgc of 5 to 100 sccll]  [8,9], against an
NIS’1’-traceal)le  hfKS  (;ali-ffow systcrn ill JI’1,’s  cali-
bration]  Ial)oratoty wittl  arg,oli fro],] 20 to {)6 sccrn  [10]
and rl]ore reccvltly  a~aillst all NIS’I’-traceal Jle C;corgc
K .  l’orter VO1-(J  hlc[cr froln  LIIC I)ick  hfuillls COIII  -

I)aliy ill 1,(M+ Alalllitosl  (~allforl]ia  w i t h  xciio]i  fro]]] 2
to 3 0  scclll. l;acll o f  ttlc tllrcc collll~ariso[ls  dCIIK~II.
stratc(l lllat tllc bul)l)lc’ vollllllrtcr i s  acc~lrat,~ al,d
rcljczital)lc to  witllitl ( ) . 8  I)c(cc[lt ‘1’tlr’ I)ul)l)lc  vo-
Olllctcr  was also cotlll)ared to l)istol]  I)rovcrs  at NISrI’
ill J$’a$tlillgtoll,  1)(; wittl  xcrloll  atlrf IJitrogcrl on tllc
f i r s t  tril) tlicrr tllc NISrl’ rcl)rcscllt atives IIlcasurcd a

xcl]ol[ f l o w  rate a})l)roxirllalely  1 ~)crcellt  Iowcr  tllall
JI’1,’s  I)ulll)lc  volu[lmtcr w i t h  wtlat they co[lsidered
to I)e (Ilcir lttost  a c c u r a t e  l)istorl  l)rovcr  at a  f low of
6 0  SCCIII. 0 1 1  ttlc sccoIId  trill h’1S’1’ (]scd ariotllcr l)is-
toll  I)r(n’cr :illd ol)taitlcd f l o w  rates 1..5 to 2.8 IIcrcerlt,
}Iigl]er tllall ttlc I)ul)l)lc vo]ulllrtcr lvitl) xcIIon  flows

rallgitlg [roll) 1 7  to 00 scctl] Nitrogcl)  calit~ratiotls
lwrfortocd 011 this trill agreed very  Ivell. At tl]c  (illlc
tll(sc’ rcslllts fvcrc c o n s i d e r e d  illcollcl~lsil,c;  ill rctr{~
sl)cct t.llc secol)d  set of [Iwasu[(,lllcllts Illay I)c corlsis-

k[It with our currcrlt ul]drrs(afldirlg  o f  xe]]otl diff(l -
sioll tl]roug,}l the silicollr rutjhcr Ilose uscri witl)  tllc
but,})ld volulllrkr. ‘1’lircc calit)ratiolls [,crforlilcd l)c-
forct}lcs(art oftllc test, acalil)ratio]l clorlcaftcr &50
Ilo(lrs  of ol)cration, arid Iwo firlal calil)ratio]ls after
tllc test stlowrd (Ilat tllc flow Illrtcr drift at ttlc f l o w
r a t e s  used  ill ttle t e s t  \vti.s Icss tllall 1 I)crccllt

A s  IJart  o f  tlie irlvcstigirtiorl  into tllc diff’crc]lcc irl

disc\ !ar F,c \,o]ta  F;c aIId  c(]rrctll  1]1~,:{.s~]rcr]j(ilts  at JI)I,
:irld Iml {(’ Ilic f l o w  calillrall(][]  I]roccdur(, u,as r(,

vicw(d I](,forc tile start o f  tlli, w e a r  lest. All ~,:iS
fitlitlf+ Irrrr Icak (Ileckcd and t w o  additiorlal cali
bratiolis trcrc I,crforillc(l. \\’lItII Ilo Icaks  o r  al)l)ar-
cl]t  Ijr(jlllclll<  lvitll  tllc calll~rall[)ll  l)roccdure ~vcre \]II-
covclcd,  ti)c  diffcrcllccs w,t,rc atlrit)lllcd t o  rfiflcrc]lt
l)owcr  sul)l)lics or other facility-related efkcts allcf a
clecisioll  to I)cgiil tllr lest !Va.s r[ladc.  (Ill fortorlatcly,
after (Ilr tcsl it \~’as discovcrc(l  ttl:it (Ile 85 cl[i Icllgtl]
o f  silicoll( r~tl)l)cr I]osr  Ilsfl (0 collrlect  tllc bul)l)lc

volurlwtc[  to tllc flow systc[[l r-alil)ratio[l  l)orts is g:is-
I)c[lllcal)l(, ci,clL tl]c)(lgll it Ilii$ ;i ivall tllicktlrss ofovcr

3 IIlrll. ‘1’l]c l o s s  o f  xcilofl  by diffusiot)  tliroug,l[  ttle
tul)c wall I(slilted ill a ilwa~llrf[l  flow rate I\,llicl] ~va.~
l o w e r  tll:ill  tllctrueflol{, rate (Itiilcrcd totllecllf)illf,.
‘1’llc st:il)illlj of tllc flo~! IIwtrrs allrf a  cllaracteriz:k
tiol] o f  tllc Iul)illg [)cr[liral,ili~y lllacle it l)ossil)!c  t o
a c c u r a t e l y  c o r r e c t  tile flo}v rat(,s used  ill tile test to
tlicir tru( values ,  as  dcscribc(l ill ttlc al)l,elldix.

‘J’l[c f low cc)rltrol  Illctl)od  used  ill this test rclicsoll
Ilavillg  a tvcll-regulatrd ul)st  rcalil l)rcssure arid  a fixed
o r i f i c e  siw ill tlic liwtcrillF, vali,c. I)cs[)ite tc[lll)cra-

5



6:06 I’M 12.:00 AM 6:00’  AM 12:(X) I’M 6:00 I’M
9/1 2f95 9/1 3/95

‘1’imc

}Figure 2: Irluct  uatio[ls iIl t tic irldicatd ( atl Iodc (low a]ld tlIc cfl’cct 011 discharge vol[agc
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lJigure 4: Cattiodc aild

turc control  of tl)c  regulators allcl valves to witllill :1 1
dcgrcc C, a diurnal c.yc.lc was al)~)arctlt  in cacll  flow
r a t e  I’ig,llrt  (2]  sliows  one I,criod o f  t h i s  day-llip,llt
cycle  ill tl!t cattlocfc f l o w . ‘1’llis c’ffcct resul ted  ill a
variatiotl Ill (lIc d i s c h a r g e  cattlode flow of al)lJroxi-
II I:i(rly  -1 1 6 IJcrcent, a  4 ? . 5  Imrcc]lt  variatiml I I I

(IIC Ilcutlallzcr f l o w  altd a 3 1.5 l)crc’cllt  fluct{ifitic~ll
ill (lIr IIliiil]  f l o w .  Su~)crilIll)oscd  011 t h i s  variatiol)
wws a Ili F,llcr f r e q u e n c y  oscillatioil  with a {Jcriod o f
irt)oul  20 I[lirlutcs, cvicfcrltly  caused I)y regula tor  llys-
tcrcsis afId t h e  l a r g e  tul)il]g,  iwlu]ncs u})strcarn  ;iII(l

dowllstrcatll of tllc flow lnctrrs. Collll)arill~,  tlic flow
Iltctrr signals  wittl t}Ic discharge voltage suggcs~s that
tllc IIip,ll(r frcquc]lcy fluctuations arc [lot trallsllli(t(d
lllr<)llgll I Iir Ilwtcrirlg v a l v e s  to (Ilc cli,g,illc, a-s sl)(,wli
ill I:ig.  (2). Wllilc tllc d i s c h a r g e  volt, agc  c lear ly  r<-
flccts 1111 24 IIour  v a r i a t i o n  ill llIC catllocic f low,  tllr
sirllilar allll)litudc, I]ig}ler frcqucllcy variatio[)s do Ii(lt
aflcct it. “1’l)c cc~rrcctrxf flows ~vitll tllc 20 IIlillutc cycle
filt,cr(:d oilt arc SIIOWI) irl l“igurcs (3) a!ld (4) M a fullc-
tiotl  of (IIL elalmd tirnc of ol)craticm w i t h  IIcaln  cx-
tract. iori. ‘l’tie fluctuaticms  ill tllc IIlaill flcm’ rlla.slmd all

irlitial drift downward that was corrcctrd after at)out
133 Itours  ‘J’hc flow Ckscillatio[)s IIavc km c-lil[lillate(i

IICUI ralimr flc)w rates

f o r  tllr 8000” Ilour  test I)y sl)ortellirlg,  t}ic ~~rol)ellallt
Iirlcs and using f low cc)ntcollers  wit]] tllc so]cvloid  II IC-

lcrill~,  v a l v e s  located ill tl~c Vacuutn  cllallll)cr ill l)ar-
1’a Iel \vltll  (Ilc I!lallllal  Il]lcrotllrter vali,cs.

‘1’llis test Ivas coi Id[lclccl  using co~llrmrcial I)owcr sul)-
I)lic+ for (Ilc I)calil,  accelerator  grid, d ischarge  at)d
]Icutralimr Kcclwr.  ‘J’llc cliscllargc  catllodc liecI)cr
CICY (rode w a s  t i r d  (o t.llc a n o d e  wittl  ;i 1 kf) resis-
tor so (Iliit  it flillcti(~llcd  as a start clcctrodc, but did
]Iot Ilavr a srl)ara(c ~)owcr sul)l)ly.  A  scI)aratc 2 4 0
V  l)ol~,cr  sui)i)ly  ill l)arallcl wit,]] tttc d i s c h a r g e  sul)
l)ly w:i.s avtiilal,lc {{, J,rc)viclr a Iliglicr  1)(1 v o l t a g e  f o r
ip,l]itioll,  I)ut w a s  [lot needed ill this test. OIIC acldi
tio]lal  sul)~)ly ivas IIs(,d  to IIcat tllc ILCUt I alimr catllc)clc
dulillg collditic]llillg  a[ld l~rior t o  ig[litioll. ‘1’}ic d i s
charge sul)l}ly w a s  switcl]cd tc) serve as !Ilc- discl~argc
c.atllc)dc Ilcatrr s(ll)l)ly  during cc)tlditiotlillg  and be-
fore ignilic)ll. A’vllt ralizcr cornlnoll  ~vas conrlcc(  t o
tile f:icility  g,rourld wittl  a  zcvlcr cfiodc to I)rcvcllt tllr
cou~)lillg vc)lta,gr frcJ1ll cxcccding  60 vo!ts, All sul)l)lics
collld  I)r c{)tl~l)lltcr-corltrollcd.  Ill t h i s  t e s t  c~rlly tllc



{]is~)):i~g(> SII[)l)ly W,a.s oj)etateri  in a Closed 100~) and

(IIC discharge r-urrelit varicrl  to Illailltain  a givcll  Iwaln
current. A rm-yck  logic circuit was  used  to autolnat  -
ically dctr-ct  al)d  clear grid Sllor[s.  If tlic a c c e l e r a t o r
or I)call)  s{ll)l)ly currcrlt Cxcccclcd (Ilrcsholrl values for
lllorc (I[ali  M) Ittsec,  illdicatilig a .sIlort,  t h e  l]iglt volt-
a~,c su~~l)lics were turllrd offallri the disc] large c(]rr~[]t
was rcduccd to a lower  value for al)i)roxirnat,cly  1 scc-
olld. ‘1’IIc lli~ll voltage slll)l)lies  were tl[eti  ramI~ecl UIJ
aIId tllr d i s c h a r g e  currcl]t rctur[lcd to t}lc I)rcvious
SC( I)oi[]l llcca IIsc o f  (Iiff’ercr(( l~owcr sul~l)ly cllarac-
(cristics, tllc d i s c h a r g e  currcl]t Ilad to l~c rcrluccxf (0
2 A to successfully rccyclr tl]r II; M’I’11). ‘J’l)is is lower
I,lla[l tt]c 4 A design  [)oillt for tllc NS’I’AIL  ~)owcr I)ro
ccssillp,  u]lit, I)ut orlly {WO stl{ltdown  cvctlts during,
tllc test al~l)carcd  10 I)c caused t)y d ischarge  extillc-
tiorl  durillf, rccyclcs.

l)iag]l{>stics

A col,ll~ulcr  data acquisition] al)d  col]tro]  syskI,I was
IIsed to Ilmllilor f a c i l i t y  and cllgitlc collctilions and
col]trol t  IIc l~owcr s~ll)l)lics. I)ata were  saml)lcd once
e v e r y  4 b sccol[ds, stored or] d i s k  ollcc I)cr Iniliutc

Mld critical l}aratnetcrs  were  I)riltt.ccl out mtcc  e v e r y
fiic Il]ill{ll(w. ‘1’lIc systrlli lvas I)rogralnrl]cxl  t o  turtl
t>fl  t})c lli~,ll ~,[)ltap,c s(l})l)lics or all Cllgillc I)owcr i f
()(lt-c)f-t()lcrtillc{  cmlditlolls  ill ccrtaill facility or cll -
p,itlc l)aratllctc[s w e r e (1(, tcctc(l to allow ullat.  tclldc(l

oj)cratiorl.  III tllc evcrl( of  a  cc)rll[)l)tcr-illitiatvd sllut-
(Iowll a  Illlfl”cr col Ilal[Ill  Ig a !\vo Illirlut.c wirlctow of
d a t a  sar])l)lcd  al 4 5 sccor)d  illtcrvals surrolrrlding  ttic
cvcrlt  was stored (0 assist irl diagrlc~sing  tlic cause.

lkcaIJsc o f  tl]c  irlll)ortarlt role  dolll)le  ions  a})~lcar
to tlavc  l)layed  ill tllc scrccrl  g r i d  crosiorl  otwrvcd
ill tlIc  ?000” Ilour  t e s t ,  tllc dollt)lc-to  sirlglc  iorl cllr-
r(tlt ratio was  [Imrlitorc(l  tllrou F,llout this test wit}l arl
I;x II IIrol)c  [rlollrltcd  ill I Ile rfar of t.flc cllarnl)cr. ‘l$liis
iorl vcloci(y fil(cr usrs a sLalic  rnagnctic  f ie ld  crossccl
ivi(tl a varial)lc ckct [ IC field, l~roduccd  by I)iasirlg  tiro
e l e c t r o d e s  !murltcd I)ctwccrl  l)crrllarlellt lllagllcts, to
dcflccl a collilllatcd hc;iln c)f ions  sar[ll)lcd  f r o m  111(.
l)lul IIc across a slit ill frorlt  of a currcllt collector. llc-
causc of their rliffcrirlg  vclocitir=, tllc doul)lc  arid siil -
glr i(m cur rcrl(s  a~)l)ear as well-scl)aratcd I)caks  WIICII
Lllc collectc)r  currerit is l)lottcd as a ful)ction of clcc-
trodc I)ias voltage. A gcrlrral dcscriI)tion of tllc l)ro[~c
(Icsiy,ll CaII bc fourlt! ill [1 1]. 111 ttle unit U s e d  irl this

test, Ilowelrcr,  ttlc clltra[lcc s l i t  was  set  at ().25 111111
arid  tllc e l e c t r o d e s  i~erc biwcd to  equal  arlci oi)l)o
si te  voltagm  so tl]c  clcc(ric field along tllc ccrltcrlirlc
was close  10 zero, H’ittl  (Ilc slllallcr  crltrarlcc slit, tllc
l)rol)c  sarlll)led  ior)s from  a  stril) 3.1 crll k)lig cxtclld-
illg acrcm tlIc  cl]tire face  of tllc tllrustcr, so ttlc r a t i o
of rlwzsurcd curre[lts yields ari ilikgratcd value of ttlc
doul,lc ion currcr)t fraction alollg tllc tllrustcr axis .

F a r a d a y  l,rol~cs  rlmulltr-d  on arlos w’liich could  hc
swut)g  tllrougll  tllc I)car[l jusl dowllstrcalll of tllc grids

h a v e  I,ccrl used  at IcI{(; artd  Jf’1,  to  I l tca .sure  ttlc
i)calll currcl]t dislril,utioll OII I;kl’I’ 11) al]d  l;M’I’2.
‘1’llis distril)u[ioll corltrols t o  sornc  extclit tllc distri  -
l)utiorl  of wear oli ttlc accelerator systctll.

‘1’lIc rcsi(lual gas  cotltrrlt  of tllc facility was lmr]i-
torcd wit II atl Al KS }’1’’1’- 1A- 1001’ (;” residual gas an-
alynr. ‘1’llis diagll(wtic d(rlmllslratcd, f o r  irlstar]cc,
Lliat tltc l,ressure sl)ikes  coltsiskd alrlmsl e x c l u s i v e l y
o f  XCIIOII cval~oratillg  frorll ice flakes  tliat IIad fallcll
o f f  o f  tl]c  I,urnlw.  ‘1’IIc tarlk l)rcssure w~s rnonitc)rcd
W,itll (;r:itllillc I’llillil)s  .Stal]il 1o11  Ga[]gcs  calit~ratcd
or] I)otll  xv IIOII  arid IIitrogcll OIIC gauge was Inoullted
01) lIIC s i d e  o f  tllr cllarlll)cr  and tllc otllcr itlsidc  tllc
cllalld)cr I)cllilld  arid al~ovc Lllc Crlgirlc. ‘1’hc g a u g e
llmulllrd or) tl]c  side o f  Illc  ctlat[ll)cr  irlitially illcli -
catcd a slip,llt.ly Ilip)llcr l~rcssurr  I)ccallsc  of w a t e r  va-
[)or ol](,p,a,sirlp, fro[ii tl)c  g,r:il)llit(  ])aIIcls.  Aflcr tll(
I)arlcls  lIa(l I)CCII  cxl~osr[l  to lIIgl I vac IIu II] for scwcr;il
d a y s ,  IIoiv<. vcr,  (11( tivo gallg,rs  ar, rcrd kvcll.

‘1’IIc wczir tmt w a s  run at tlic [Ilaxilllurll  I)owcr  l e v e l
o f  2.3 kl~’ Illldrr tlIc  assullll)tiori ttlat t h i s  ol)eratirlg
I,oirlt slll)j,cts tllc Collll)orlclits  t o  tl,c ~)rcatcst wear.

A  dmisit)ll  was II Ia(lc l~rior to [IIC tc~( to ol)cratc a t
a  discliargc  I)rol)rlla!lt cflicicl]ry o f  ().93 0.94 t o  re
CIUCC  ttlc ({0111)1(  ion ftactioll a[)d l)rovidc additiotlai
IIlargi[l  OII screcll g r i d  Iifc. I)ccausc 0[ tlIc  f l o w  r~itc
calil)ratic)l!  error, tlic actual l~crforlllallcc  was lower
tllall tllc target valllcs. ‘1’llc average val~lcs of ttlc crb
girlc ol)cr:itlrlg arid  l~crforlllallcc  l)ararl],tcrs arc listed
itl ‘1’al)lc (1). ‘1’l]e value of tllc Illain  flow ill this tal)lc
is corrcctcd for irl.gcstiorl.

h’
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‘J’tle wear test was  t)cgull  illllncdia(cly  after tllc tlirot-
Llillg t e s t s  and ttlc ctloicc  of an c~l)mating  l,oiilt, ‘1’lic
IIistoty of test illterruI)tiorls is suln!narizcd ill Fig.  (5).
I’rcssllrr sl,ikcs w e r e  (IIC IIK>St corllrlml causr ~)r elI-
~,illc sllutdowlls.  h’ollc o f  (IICSC cvcl)t,s rcqui[ed ol)eII-
ill~ (Iic vacuuln  cllarnlmr. A f t e r  the firlal sliutdowtl
(I]c tliro(tling tests tvt’rc to be rcl)catcd to cotli})arc
w i t h  (Ilc itlitial Incw+ulcrllcllts  arid  a scrit’s  of les(s to

IIlcasurc t,llc sclisitii’ity of ttlc crlgillc  l)clforlllfillcc t o
sll]all  va]iatiolls ill tllc co[ltrollable  I)ararlmtcrs w e r e
l)lallllccl.  Arl over-tcll)l]crat[lrc sllutclcw]l  of tllc C\~l
cryol~ullllx duc to tllc f a i l u r e  o f  a  water 1)(11111) and
sulwcqucllt  dar]lagc 10 ttlc IIcutralizer by oI)crak)r cr-
rclr, <Iiscusscd  I)clow,  led Lo  a decisiol]  riot to ol)eratc
tllc (llruster f o r  tllcs(’ I)l:iIIrIcd IIwasurr’llml!ls.  l)e-
cause, tl)c  sl)ttttcr-(lcl)c~si(ccl  fil[lls on tllc (Ilrustcr sur-
f a c e s  Ilad bcclI  cxpmsrd  to llitroF;cll  and Ivatrr val Jor
tral,lml c)n tile cryol,ulll[)s, f u r t h e r  tllcrlllal cycling

lniglll, Ilavc  caused Lllcln 10 sl)all  alld  collll)rotlliscd
tllc cvaluatioll o f  tllr sl)uttcr colltailllllctlt  !Iwasllrcs.

l)isc)lrirge lldlt~vior

“1’IIc  disfharge cattlode was initially started at a tar-
gt.t flow rate of 6 SCCIII  (a trlle flow rate of 6.9 SCCIII),

}Pig, urc 5: Sullllllary  of cllgirlc  sllutdowlls.

a[ld 4.{) A with tllc full Imwcr  [Ilaitl  flow rate of 23.4
scct]l  I)cfo[c  rmlucirlg  ttlc catllodc flow (0 tllc ilcJII1illal
value  (3.7  SC CIII) slid t]lrott]ir]g  to full I)owcr.  A f t e r
187 Ilours  ofol~cration al} cathode igllitio[ls were i)cr-
forlllcd  at tlIc Ilolni]lal  full IJower flc)tv r a t e  t o  Illatclt
Lllc cvolvit]g  flight  f e e d  sys  LcIII col)fip,tlratiol) 111 all
but two cases ttlc disc]  large igtlitcd 011 tllc first al)ljii-
cfitioll  of tllc discharge sul~l~ly  OI)CII circuit Ywltagc of
5(I \’, ali(l ill ttlcsc two  cvcllts i( s(ar(rd 011 ttlc scco[)d
or  tlli[fi attcllll)t }vitll tllc 01)(,[1 c i rcui t  vol tage .  ‘1’IIc
24(I V  st art sul)})ly u’as Ilevcr rrq(lired t o  igllitc lllc
discllargc.

‘J’IIc discl]arge vo]tagc and currc]lt i)cllaviot ol’cr
tllc 1 0 0 0  hour test is slIolvII ill I:ig. (G). }Iot]l illcrcasc
sli,glitly  over  tllc first 100 Ilollrs,  ir] I)art  I)ccallsc of tl)c
dolvllivard  drift ill ttlc Inail! fl{)lv ratr. It is also lilirly
that (Iir(.c[ ion ilnI~ill~)clllcllt crllar~,cd  (lie  accclcr:i -
k)r grid tlolc  dialnctcts c)l’cr this tilnc scale, rcsulti[lF,
ill ~,rcat(r IIrutral losses  al)(l a  lli~tlcr  rcqllirccl  dis
cliargc IJ[wcr. After tllc l[liiill flow was  adjus ted  a t
133 Ilours  clal)sccl  tirlw  tlic disctlargc  irc)ltage and cur-
rcllt  Ivcrc aI)l)roxilnatcly  col~stall(. at 24.2+  0.3 V and
13.43:! ().()9 A, wlicre tllcsc aIId  all sul)scquc IIt varia
tiorls  f[olll  tllc rncall  run Val(lrs a r c  cxl]rcsscd as tllc
st, alldard dcviatioll. Variatio][s in tile v o l t a g e  and

c.urrciit  arc stroligly corre la ted with tllc diurlla] flolr
ratr cycle and Iol]gcr  trrl]l flow drift.
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I’aralllctcr

I)iscl, tirgc  Curreilt (A)
I)isc}largc Voltage (V)

IIcalll Su[,l)ly  (;urre~lt ( A )
I)calll SUI)IJIY Voltage ( V )

Accclcrator Grid Cuirellt (II IA )
Accclcrator  Grid Voltage (V)
(;rittloclc  Kcei>cr Voltage (V)

Ncutralimr  Kccj)cr Current (A)
Ncu(talizcr KccI~er \rollage (\r)

Coul)litjg  \roltage (V)
M.sill I’low I{atc  (sccln)

(Iat}]oclc  F!ow l{alc (sccill)
Ncutralimt l(’Iow Ilate (SCCIII)

IIcarll Currctlt ( A )
N(t Accclcratillg Voltar;c  ( V )

l’ower  (\$’)
‘1’llr[)st (II IN)

S~Jccific llll])ulsc (\r)
l)iscl]argc l)rol~cllalit  }; flicicllc~

‘1’otal l’ro]mllalit  lflicicrlcy
l;flicicncy

101) l’rociuctio[l (k+t (cV/iorl)

Average
Value

13.4
24.3
1.770
1103
7.76
-180
4.6
lb]
12.97
13.3
23.5
3.75
3.70
1.762
1089
2297

92.9
3114
0.896
0.789
0.617

185. . .
I)oul,ic-to Single  Ic)n (;urrerlt l{at. io .147

‘1’al)le  1: A v e r a g e  values ofcll$,it)e  cr})cratitlg  and l)ct
f<)lllliillC(’  V:tlll  Cs ill t}lC’ 1000 Ilour  test.

‘1’tlc cat  Ilodc  Iiecl)cr  voltage, ljlottcd in I’ig. (7), was
also  al~l)loxilnakly cmlstal)t a t  4 .6  :1 0.1 \l w i t h  rc-
sl)cc(  to (tie  catllodc. ‘I’l Ie Iwcljcr  clcctrocic  was tllerc;
f o r e  dIii\~il)g  *I)c)uL  20 IIIA of currcvlt  ttlrougl]  tllc I
kf) resistor. ‘1’tlc keeper voltage snows ttle cfay-rligllt
cycle  and Is corrclatcrf w i t h  longer  tcrrn fluct,lla(,iolls
in tlic IIlail] f l o w  rate, I)ut  is sur~]risirlgly  irtsclisili~’c
tC) 10IIg, l)rriod catllodc flow var ia t ions .

‘1’l]c ion ~~roductiotl  cos t  vrtriation o v e r  tllc course
of LIIc  tcsl, s} IowII irl I:ig.  ( 8 ) ,  irlcrca.scs  ill t,l Ic f i r s t
100 IIol]rs  froln 179 e\~/ioIl  to 188 ev/icrll, follotvi[ig;
tlic i[)crcase ill d ischarge  currcrlt ar]d voltage. It sta-
I,ili?cd  at a vtiluc  o f  1853 1  cv/ioll w’ittl fluct~latiof)s
wllicll  follow ~,ariatiotls  ill tllc floJ\’ r a t e s ,  illcrcasi]lg
a s  Lllc flow rate dccrcascs.

l:i~,llr(  (9) disj)lays tllc distril)ut ior} of tllc iotl cllr-
rctlt  dcllsily  irl tllc t)ewil  [Ilca.surcd  Ilcar  tllc exit [)lii  IIc

at)d illdichtcs Illat tlic l]lastna dcl)sity ill ttlc d i s c h a r g e
cllallll)cr i s  stroll~ly J)calied  c)]) tile cctlterlillc. ‘1’tlis
r]lay I)c due to ol)cratiotl willl  rlc) I)aflle  ill frc)rlt of tllc
(lis Clliir~,C calllodc.

‘1’IIc Ilct iml accclcrati[lp; Iwltagc ii] ttlc test was
1 0 9 0 . 1 4  \T, al)ri tllc l)ea]]) curre])t was ]Ilailltail)rd  fit
1.7(iY:I  ().0[)4 A  I)y varyill~,  tlIC  Cliscllargc  cu[rcl)t , aS

slIowl I III l)ig.  ( 1 0 ) .  ‘lllc I)c:i[[l currcvlt  cxcursioils lle-
k)tv tllf sctl)oil]t arc aw)cial(d }vi(t) ei)gil)c  ig~l]ilic)]ls
a r i d  II I(NC al)ovr tllc sctl]oilit  ~vitll rccyclc events. ‘1’t)c
ac<(cl(,tator  glid I’o]tagc  ~ras set at -1803 1 V. ‘1’tlc ac-
celerator g r i d  irn])illgcrliellt  currelit dro~)l)cd  frorll  all
ii]itiitl  value c)f 8.6 111A [O at)out 7.8 111A ill tllc first 50
Ilollrs  at]d tllcrcaftcr follot{fcd variatiorls ill (Ilc tallli
l)r<ssl)lc,  as stlc)tvt) in l’ig. (1 ). ‘1’t)c average ilrll,irlgc-
r]wrlt curretlt va lue  was  7 .7  II LA, wllic]l yields all av-
(’riig(’  ra t io  of  illll)irlgcrlwllt  currerlt to I)calll  c{lrrcr)t
o f  () 44 Ilcrccrlt.

‘1’IIc cllrrlulativc IIurrll)er  of Iligli vo]tagc arcs  as  a
fllllcli(,ll  of clalmd titlw ~vitll I)eaill  cxtcactioll is l)lot-
tcd  ill l’lg. (1  1) .  ‘1’llc Iligll iliitial rate  is  a.wociatcd
\vitll II)llillg  tllc rccyclc c i r c u i t ;  tllc lruc arc rate  fit
tllc l~c~,,itl]lirlg of llIC t e s t  }v:i.s al)out 9 l)c[ ])o[lr arlri
d e e r < . d w ’ d  stcaclily to 0.5 I)cr Ilour  by tile e[ld of tile
test. ‘1’llc utlllslla]ly IIir,ll  rccyclc rate w a s  al)l)tircrltly
due (0 sl,alling o f  tt)in  II]ctal  filrrls sl)uttcr-dcl)ositecl
or! tllc gricls  during tllc 2 0 0  Ilc)ur Lest a t  low’ Imvcr,
Ivlli(ll  \vas c o n d u c t e d  irl a relatively stnhl]  stailllc%s
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skcl cllallllmr. Afkr cxl)osurc t o  a i r  ar]d IIlois(urc
tllcwc tllill filllls  a r c  [norc  Ilkely  to s p a n ,  gcilcrat  -
ill~ sllort,s  hctwcwn  tile g r i e f s  o r  shari) ]joirlts  wllcrc

arcs arc likely  to ini t ia te . I;xl>cricncc  frolll  tl]c f i r s t
sr~llwllt of Lllc 2 0 0 0  IIc)ur test allcl recctlt tcsti[lg o f
l;hf’1’? ill tl]c  8000 hour wear test SIIOW that cxtre[lwly
l o w  rccyclc rates arc acllicwal)lc  with clcatl g r ids  or
grids wittl  Ihitl  filln  dcl)osits ttlat Ilavc IIot bccll  cx-
lmsed  10 air or waler val)or.

‘1’llc Ilclltralizrr callloclc was  a l s o  s t a r t e d  a t  a  tar-
~,ct [I(N rate of G SCCJII  it) tlic first 187 hours  o f  tllc
test, :IIICI  tllcll sulmqucllt]y at (lIC Iiotninal full l)oivcr
f low rale. l)uri]lg tllc wear test the ilcutralizcr Ilcvcr
fa i led  to  igllitc on tllc ucutrali7,cr keeper sllIJIJly Ol)cll
circuil vo l tage  of  40  V} arlci oftc)l  star(cd at 14- 18
\/. ‘1’lic Ileutra]izc-r  Icecper currcllt ailcl v o l t a g e  cxllit,-
itcd Iargc  alnl)litu(ic o s c i l l a t i o n s  or] startul) atlcl Il)c
kccl)cr  clcctrodc glowed  a brig]lt orallgc. ‘1’lic volta,gc
(wcillatio[)s  WOIIIC1  drol~ froln  5- 10 V ~)cali-to  l~cak to
iil)o~]t  1 \/ [)cak-t,  o Iwak  and tlIc clcctrorlt,  Ilcati Ilg

w’ou]d  decrca.w  af ter  several [ninutc’s,  ‘1’]]is Lra]lsit. ioil
collld  I)e accclcratd I]y tflc  application of llcatcr cur-
r([li f o r  wvcral IIlinutcs after i.gtlitioll,  illcrca~irl~,  (Ilc
L,cl)[r c[lrrcl]t  to 2 A  l)ricOy o r  turl]irl~ ml tllc Iilgli
vc)lta~(  to iilc[casc I,]Ic cattlodc cIllissic)Il  Cllrl  Cllt.  ‘1’IIC

I)(I val\Ics  o f  ttlc nclltrali7cr  kcel)cr vol(ap,r  arid cllr-

r{’il( a r c  sllowlt  irl I;if;. ( 1 2 ) .  ‘I’l  Ic kccl)cr cllrrclit ivas
Illai]lltiillc’d  at ] .[J A  I.}lrougilollt  tllc test. Cxcr’l)t  for
c)ric 28 lioor  I)criod  wllc[] tllc currcllt w a s  illadvcr-
talltly Icft a t  2.() A  a f t e r  startu]). ‘1’llc kccl)er volt-
a~,r f.~lli[)its  ]Orlg t,rarlsie]lts  after t]lrustc’r  ir,lll!iotl,

as  ill [IIC  2000  Ilour  test, atlcl tile s teady s ta te  volt-
a~,e i]clli~\J~(]  after a l)artic.  ular ig[iitiol]  of(crl  val i c s
I)y scI(,ral tcrltlls o f  a  v o l t , .  ‘J’llc rlleall  voltage Ivas

1;{.():1 0 . 1  \7, arid it IviLs  rclllarkal)]y iliscllsitivc  to tllc
ncutlalizcr f l o w  r a t e  variatiorls arlcl tile Cltrirtp,r  ill
licrI)(r c{lrrcrlt  at 512 Ilours. ‘1’tlc ccml)lillp,  VOltiiF,C,

LIIsi)laymi  ill I:ig.  ( 1 3 ) ,  a l s o  slIows tra])sicllts  ww)ci-

i)tC(i  ivit]l tl)rustcr  igriitiol)s  and s]]iftirlg  s(cady s t a t e

valurs, I)ut is apl)arrrltly  rlmrc  sc]lsitivc to t\Ic kcr[)cr

c~lrrcrlt  arid  t]lc tarlk  I)rcssurc. IL w a s  still  rclativc]y

Stalllc at 13,3:1  ().1 \/.

A f t e r  LIIC l)lallllmf  shutdown  of t}lc w e a r  test arl
attclll}~t  was  Illacfc t o  s t a r t  t~lc rlcutra]izer l~ric)r t o
rCj)Ci+tillg  tllc’ ttlrottli[lg  tcStS. Wtlen tlIC l[cutral-

iwr faild (0 ig[litc 011 ttlc I)cnvcr  sul)[~ly C)I)C]I  c i r c u i t ,

vdtagc it \$’as d i s c o v e r e d  tttat tile (;\r[ I)UIIIIW  !Iad

SIIU(  c~fl allcl t h a t  tile true tarlk l~rcsurc was  al)c)ut
l X 1 O -  < ‘Ibrr. ‘1’llis  collditicm  Ivas  tlc)t [)rcvcllt,ccl I)y

t]le data systerll  Inc)rlitoring  ar)d autolnatic  S] IULC!C)WII
al.go]illllll  I)ccaose it was  dcsigtlcd  c)IIly  f o r  s t e a d y

state o[)cratiorl, ]~c)t for usc CIurirlg ifll]itic)[]. ‘1’]Ic sys-
klll lla-~ I)ccll Illc)ciified s o  tl]at IIarcfv.,arc a[lcf rccjll]l.
datlt software i[lterlocks rfisab]c  Lllr l)cm’cr su})I)lics
ally tillw  llIc  ta])k  I)ressurc cxcccds a  gi~frrl  sctl)oi!it

tol)rcfrcllt si[nilar rt]is]la[)sir)  tllc80001]c)ur  t e s t .  ]lc-

cause tllc (Iryo[])ccll ])ullIJ)s  \vcrc still suffic.  icrl(ly  cold

tc)tral)xrllotl  aIId  v.’atcr val)or,  tl]carl~l)icllt gasrnust
Ilav(.co]lslskd l)rilllarily  ofrlitr  op,e]t:i lldoxygc~l.” ‘1’IIc

calllodes Ivcrc rccollditiorlccl  and tllc rlcutralizcr i~,-
IIitcd  aftfr 12 IIlirlutr++ c)f Ilcatill?,  Ivitll tllc kccl)cr
su])i)ly olIcl I c i r c u i t  v o l t a g e  ai)l)licd,  ‘1’IIC clifliculty
it] star titlg and a shift ill tllc vol tage-curre l l t ,  charact-
eristics as a f[ltlctic)rl c,f flow rate suggested t]lat Lilt
Iicutraliwr  o[)cratic)rl  Ilacl cllarlgcd  slightly a.s a result
of Il(atillp,  at lIIC lli~,llcr  (alili  I)rcssurc, ‘1’llis  occurrrd

dcsl)itc  a col]tilluol)s I]llrgc  o f  xcrlcul during ttic tall!i
I)rcs<llr(  cxcllrsic)ll.

‘1’llcc[lp,illt  I)oircr  c[jtlsllllij)tio[!  witl] f ixed  bcarilcl]r
rctlt  did Ilot v{iry s i g n i f i c a n t l y  frol[l t.llc Iloll)illal  2.3

Ii\fr,  iiS Sllo\Vll  in lip, ( 1 4 ) .  ‘1’lic Varia(iolls rcOccl
cllall~,rs  ill tllr discllarpf,  Ijowci as tllc d i s c h a r g e  cllr

rctlt wa~ vari((!  t o  IIlailltaill tllc d e s i r e d  l)catll cllr
rctlt. I ! t .cause (IIC I)caili  currcllt allcl v o l t a g e  w e r e
corltrollcd,  tllc t]lrust was cotlstarit  at 92.9 tnN, cal -
Cllliil(>(l  llsi[l~  III( rllrtllod o(ltlillcd ill [3]. ‘1’lic sl)ccific
itll]~uls{, slid c[licirllcy,  I)lo(td ii) I’ig. ( 1 5 ) ,  v a r i e d
Ivitll clla[l~,rs  it] tllc ftotv rates, but sllowcd  rlo sigllifi  -
Cfilll (Ircay ill I)crfoll[la[lcc fro!ll  tllc average values of
3114  s  aIId  ().6170vcr tllccollrsrc)ftllctcst.

l:i~,llrl’ (1(i) (!is~)lays tile (iisc}larp,c l)rc)~)e]]allt cfli
cir[]cy  a. a  fll[lctioll  o f  ti[lm Ilccausc tllc I)ca[lt  cllr-
rc]lt was  f i x e d ,  Lllc [)rc)l)c!]a!lt  cflicicilcy  v a r i e s  c)liiy
wittl  tll( (low rates. ‘1’llc ratio o f  doul)lc-to  silkglc ion
currc[lt 111(.a.sllrrd wit}l tllc I{; xi]  Ijrol)c  is  alsc) lj[c)ttr~]
ill this fi~, urc and II]irrors  llic d i s c h a r g e  I)rcy)cllallt
cflicic[icy  I)cl]avior. A s  tllc l,ro~)cllallt  efficiclicy ill-
crcasrs  tllc Ilculral  d e n s i t y  irl the clisc]largc  c]la!rlkr

drol)s a[ld tllc clectrotl tell) [)crat,  urc  rises, generating

Illc)rc doII\)lr’  ions. ‘1’~Ic total [Ircrpcl!ar)t  cfl!c.  ic])cy, O f
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c o u r s e ,  sltows the same trellrls wit. fl a rllcall  valllt o f
0.789.

(;llnlactcrizati{~]l o f  Ellgi:lc Wmr al]d
Material  I)q)osit.ion

After  tllecl]clll  rallc.etcst tllccllgillet  ~~i.sdi  sasstll)lll(<l
all{l tllc co][)l)cn)c]lts  sul)jrxtcd t o  dctailml allal~~(,s
that i]lcluclc(i rnrws loss rneasurclllel\ts, [Iwa.surctlwtit.s
o f  cli]ll{,llsic)]]al cllang,cs  all(l ][laterials iirlalys]s

ol)tics

i n  general  the iorl o p t i c s  sufkrccf very  little dalllar,c.
‘1’lIC acc.clcrat.or  gr id  was  sul)jcc( to [iia.ss I(MS I,y tli -
rcct al)d  c h a r g e  cxcllaltgc ion sl)ottcrill,g a]ld dcl)osi-
~ioll of tjac.ksl)uttcrcd IIlatcrial frmn  tl]c  facility. ‘1’lic
Ilct  ]Ila.<s change wrM ~.floq g. A  collscrvattvc  ca!c(l-
I;itio[] o f  the alnourlt,  o f  carl)on sl)u((ercd fl(]lll tllc
~ral,llitc l)allcls ollto tllc accelerator grid yields ()()6
r,, so lIIC total ln~ss  loss did [lot exceed 2.96 g.

‘J’llcacc.clcrator  grid Ilolcdial]lckrs Were [Ilctrsurcd
tvittl  l~rccision  pills  lfi illcrc[llcllts  o f  254 2.[) Ill]) t)c-
fore  al]d after Lllc test. ‘1’IIc r e s u l t s  a r e  plotlcd i~s a
fullciioll o f  r a d i u s  or] (11( g r id  in I’ig. (17)  al)d (IIC
IIC(  cllallgc in t}le dialnct,crs  in  F ig .  (18) .  ‘1’l]c lllirli-
)IIUIII  dialncter, Iocatcd at tllc cusps left  by tllc cllc Ii I-
ical  (lchirlg process ,  was  rlorninally 1,12 111111  allcf ill-
crcascd by  ass m u c h  a s  75 1 0 0  l~ln ill tllc cel]ter of

tllc g r i d  over  tllc c o u r s e  o f  tllc test. Of Ic al)crtilrc
Ilcar  t}lc cclltcr was  IIotched  oll orIc  side. } ’ o s t - t e s t
cxatllirlation revealed a long,  narrow IIlctallic dclmsit
011 tllc wall I)rotruditlg  into tllc corrcslmlldillg  screcrl
grid al)crturc ‘1’ltis cvidclltly ddlcctcd ttlc I)caIlllct
i]lto tlic wcllbirlg.  Slight rlotclli[lg  !~fa.s  also observed
ill sol[lc  o f  (IIC llolcs  at tt]c  Ilolc l~attt.rrl  I)cril)llcry.

‘]’IIc  dowllstca]n  face  o f  t]ic accc]crator g r i d  w’as
worl I ill tllc c h a r a c t e r i s t i c  l~its and ~,focwcs I)attcrrl,
wlli(ll  is visible ill I“ig. (19). ol)tical dcl)ttl rllcasllr(’-

IIlcrlts  of Illc  II]iixilllut[l  e r o d e d  dcl)tll irl tllc [)its  I)c
twccrl  tllrcc adjaccrlt Iio]cs atld tlic rllillilnullt eroded
dcq)tll ill tllc t)ridges bctwcctl two IIolcs wcrcobtairie(f
I)y varyirt~; tl)c f o c u s  olt a IIlicroscol)e. ‘1’IIC [lit arl(l
~)ri(lgc dcl)t]ls arc I)lottcd  a.s a furlctiorl  of  radius  ill

1;iF,(]res(~~)arl(!(2]). Alt]lo~!gllT  lc)\vcari  rlt]lc}]ri(lF,<:
regiol]  ~vas visil)lc  before tllc 1000 IIc)(lr test, l)its willl
a  dc})tll o f  134 5 l[tn  }Iad forrllccl ill tlIc ccrltcr of  tl~c
g r i d  froth  tllc ?00  }Iour low IJowcr  test a t  r e l a t i v e l y
IIigll tatlk })rcssllrcs.

‘1’wo distinct rcgiollsof carbml dcl)osits  backsl)ut -
tcrcd frolll  tllr gra~~hitc  l)allcls ivcrc found  oll tlic
(fowrlstrcarl~  face of  tllc ac.cclrrator ~,rid. in a barltl

almut 3  ctrl ~vide at. the pmil)tlcry tllc wcbbi[lg  ivas
coII)ljlctcly ccwcrcd  with car borl.  Ill tllc I)ost-test CX -

arllinatiorl  a f t e r  cxl)osurc t o  a i r  rcgiorls  where ttlc
fragile del)c)sits  were Lcgillrlirlg  to sl,all were otmcrvcd
l’illlw  rc[llovcd  frolll  t h i s  rcr;ic)rl tvitll  Ka[)tori  tal)c

7
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l’igurc 1 9 :  lJrc)sioIl aIId ctcl)ositiorl  I)attcrlls on tlIe
dowilstrca[n face of tlic accelerator grid.

were  cxat[lilled ill a sc.arlIlirlg  clcctro]] Illicrosco[)r
(Sl;h4). l;lc,,w,,t,al  malysis irldicatml al!rlmt pure car-
I)oll, but tl)c dcl)osits o]l tllc g r i d  I]acf a IIIUCII ]tmrc
I)r)rous,  grailiy al)[)caraflcc corlll)arcd  t o  ttlc dcl Isc
cart)ofl  fil IIIs folIIId oII  LIIc  QC~hl.  ‘1’IIc CIcl)c)si[s tlad

a ttlickllcss  ra]lgillg froltl  1.3 to 1.8 /1111, wtlic]l is also
t,t]ickcr tllatl tlIc  filf[ls orI (I]c Q(1M I,llt it is u]llilicly
tt)at t,l]c fluxes t<) tllc grid were slll,stall[ ially  higllcr.
l’c[l]alw (tic Iligtlcr  tell)l,craturc or IIIC ~,rid or sitliui-
ta]lcous io]] Lollll)ardnm[)t leads to tllc forrllatioll o f
tllickcr,  ICSS deIIse  filtns,

l]isidc a radills o f  1 1 . 6  CIII tllc carl)orl  dcl)osits
arc cot Ifil Icd to tllc [ncsa.s surrourldirl,g  tile lIolcs, a.s

SIIOWII in I,’i F,. (19). A  v e r y  illtcrt,stillg  firlc struc-
ture i s  al)parc]lt ill ttlc Cfcl)ositioll (Iis[ rilJutiol].  ‘1’IIc
scallo})cxl l)attcrll, wllicll  II:LS ]Iot I)c(ll  rcl)ortcd l)re-
viously,  sllo~rs  iol} sl)(itter-clcallirl~,, o r  Ilct  crosioll,
ill Illc  Ijits ali(i ?,roovcs. ‘1’tlc Irf[lclltw  coll[icctilig
I)its  arc broad cllcd ill, Ltlc cctttcr otl Iillrx l)c(,wccn t w o
tlolcs.  III aclditi{,rl,  cldall  regior]s  0[] lILC rncsas  c,li Iillcs
cortllccting  tlic Iiolc ccrltcr to surrolllldillg I)its  arc vis-
ible. ‘lltc asylllltlctry in ttlc l)altcrli surroulldil]g  tllc
]iolcs  is Ijrc)t)al)ly an iiidicatic)rl  of  a  slight I]lisaliglb
]Imllt  bctwccn t}lc two grids, wllicli  oflkts ttlc l)car[l-
lcts fro]]] t}Ic accelerator grid lIOIC ccrltcrs sorilcwliat.
‘1’l)e lmig,  sha l low I)attcrlls visil,lc  ill tl, is },llotogral~ll

‘1’tlc screctl grirt  IIad a [Ict I l l s . s s  gaiil  o f  0.593  g
flolll  dcl)osits 011 tllc dowllstrcalll face of tltc w,cl)[)illg
slid tlic CUSI)S  ill tllc al)crtllrcs cotlsistillg  of  II Iolyl,  -
dCIIUIII,  I)rcsulnal}ly  crodecf  frolrl  Lllc watts  and tll,-
strca]ll edges of tllc accelerator grid lIolcs.  I’ost-ky.  t

cxtinlil)atioll  o f  tllcsc filtm ii) arlcf Sl;hl rcvcalcd two
distinct Iaycrs, of Ic 1.8 Ifrli t. flicli fro]]) tllc 2 0 0  Ilour
t e s t  a t  l o w  I)owcr  al]d a 2.4 11111 filrll C)ll tol) frolll  [IIC
1000  Iiour  test. ‘1’t]crc w;is sol IIc cvidcllcc of sl):illi[lg,
a]ld it is likely tt]at t lImc fill Ils were resl)ollsil)lc for
tl]c  l]igll rccyclc rate. \’cry l i t t le  wear  uas visit)lc  c)tl
(I]c {Il)strcalll  face; a cllall~,c ill tllick]lcss of only  6:15
lit]] !vas tncasurcrf oljtically.

l)iscllargc Catl)od{!

‘I’ll(c atl)oclckccl)cr was relnovcd after tllctcst and it
and  tile catllodc asscllll)ly were  illsl)cctcd slid a II UIII-

t)cr o f  rlwa.surerl]ctlls  l~crforllwd.  ‘1’llc Ilwa.surcrlwll(s
suF,g(st  a cllallgc of25 75 ~iln (1- 3 ]Ilils)  ill ttlc keeper
orifice l)latc tllick[lms, t)ut tllcrc wfis 110 r[lca.su[at)]c
crosiol)  on ally otllcr l~arts  c)f ttlc kccl)cr.

‘1’lic catllodc c)rific(  l)lalc w a s  tcxtllrc(l Ivitll fca-
[{llts 4- 1 4  I(I[1 Iligll iii ~Ir<:is cxl~oscd  (0 tl)c  cliscllargc
l)l:isllla  (llrc)~tgl] tllck(’ei)cr orificc, l)~lt Ilmcllirlctl)arks
iv(.[(, still visil)lc  oll ljar(s of tllc e d g e s  covt,r[d  lIJ tt)c
kccl,cr. Asiclc frol[l  tlils sul)(rficial trxturi[lf,, tllcrc
wfa.s 110 cvidclicc of ally  tvrar oti ttlc catlloclc o r i f i c e
I)latc. ‘J’llc orifice ~~as backl i t  al]d l~llotogral)llcd  at a
llla~tlificatiorl of 41X al]cf tllc ul~strcarll s u r f a c e  w a s
CXiilllill  Cd with a I)oloscc)[)c, I)ut  ttlcrc fvas [Io cvl-

dcllcc  of (ullgstcn dcl)osits,

‘1’llc s u r f a c e  o f  tllc t;illtalulll sl]eatll ml tl)e  Ilcatcr
COI1  iras tcxtltrcd !vitll >~lrf;icc s t ructures  Iritll (lilllctl-
siolls  rallgillg  froltl  1  1 0  l[rn, ‘1’llis surfidcc  rouglllicss
is l~l)ical o f  lIew Ilcal([s, illld  [Ilc  Ulltcxtlll(,  (l s(lrfacc

of tilt’’l’l(; Weld at ttlc dt)tvllstrearll cfld of tllc IIcatcr
corlfirllls  t h a t  this tcxt~lrillg is [Ic)t duc t o  iori IJC)III.
I)ardlllctlt ill ttlc test. ‘1’IIc outer talltalurll r a d i a t i o n
SIIIC1(I surround ilig tlic cattlodc Ilcatcr stlofvcd 110 cl, -

id(,llcc  of ic)ll t)orlll)ardlltcllt dalltagc wrllcll v i e w e d  in
all SI; M ca[)at)lc of rcsolvillg,  erosion fcatr)rcs as slllall
as 2 /[111,
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l)iscllargc! (;l}aln})cr

Nc) large flakes  o f  rniikrial w e r e  fou[ld  i]] !Ilc dis-

ctlarf’,c  cltwnlwr wlIen tlIc grids were  rcllmvcd after
tllc lest  allcl tl]crc was tIo evidcrlcc of sl]allil]g. SaIII-
~)lcs were cut frc)ln LIIe  walls of ttlc cliscllargc  cllallll)cr
ill fi~c diffcrcllt Iocatiolls and sctl(  to (IIC NoIIIIwtallic
M a t e r i a l s  I)ivisiot)  at !Ilc (Jllivcrsity of ])aytorl l{c-
scarcll lrtstitutc f o r  allalysis. ‘1’hc chelllical corlli)osi-
t iorl of tllc coat illgs  was clctcrlnillcrl using AIIgcr clcc-
!rorl  sl)cctroscol)y  a]ld  tllc L]lickiiess  estilrlalcxl  froln
Aug(r del~ttl t,rofi]illg and elect rc~!l rarlgc calculations
ill cllcrgy-disjwrsivc analysis using X - r a y s  (I;l)AX ).
‘1’tlc filllls  co]lsistcd of 28 atortlic l)crcellt rll(,lyt,dc-
II UIII, 29 [wrcellt carl)on, 27 ~)crccnt oxygcl],  14 lJcr-
CC III IIi(rogcll  and 2 lwrccllt.  irml;  a Illix(urc {If rllfiteri  -
als likely  s~)uttcrcd frolll  t]lc  :;rids aIId  I)acksljul(crcd

froln tlic test facility walls ‘1’lic lnaxilnllll~  coa(itig
Lt]icli[lcss  was  estimated to he l.5 11111  wit II all uncert-
ainty of about,  20 pcrccrlt.

III gcl]cral tile fat)ricatioll teclllliq(lcs f o r  i[)st:illillg
tllc sl)~]ttcr.corltailllllellt  IIICSII smIIIcrl to \401 L well,
although in SOIIW locatiom near the do~’llstl~alll ~dg~
irldividual  slmt welds  otl tile rllcsll Ilari tjccorltc  100SC,
l)rod{lcit)g  small gaps. Salnplcs of ttlc rIImlI  wrc cx-

al[lil]d  ill tl]c  SII; M, tv}liclj slIoIvcd flllcly  t e x t . l l r m l
sl)[](t  cr-clcl)osit  ccl fllllls  tlIat sccl  Id to aclllt’r(, v(,ry
ivcll (o !,]Ic grit- bla.$tcd  surfzrcc.

Ncutraliz{:r

‘J’IIc I)cutralizcr catllodr a])d kr’elwr w e r e  iils<) dis-
a.ssmnblcd  allrl mamitlecl. ‘1’)lcre w e r e  tlo lllca.sur-
al)le  cllallgcs ill Llle collil)orlcn! dilncllsiol]s, altllougli
sl)uttcr-clcar} itlg of IJart of ttlc do!vrlstrcalll kccl)cr
sllrfacc cxl~cmd  to divrr~,cllt  t)calll  iolis was iisil)lc.
All 18 1(111 w i d e  I)y fJ8 1{111 It)l)g del>osit W;,S f(,ll[ld otl
tli{  [lI)strr-atll  surface of lIIC Ilcutralizcr call]c)[lt~  (~ri-

fice I)]atc.  SUCII  del)osits gcllcrally  occur ivllr]l  tllc
illscr[ \laS I)CCIL CX[)OS(’C{ !() OXy F,CIl, \VlliC[l Ill [Ills C:tsC’

Iik,iy ]Ial)j,c[lcd  durirlg t}lc attclnl)t t o  s~art  (Ilc ticu-
!ralizcr wit]l  a IIiglt fcsidua] g a s  l~art ial l)rtssurc a t
lllc (Slld c)f tllc test It i s  l)rc)l)al)ly riot illtl icat iirc o f
l)r~,l)lclm  ~ssociatcd  wit}) ol)crat,illg  Lllc catllodc at

Iloll]illal  c.ollditiol]s.

Collclllsio])s [III(I I)isc.llssioll

l;fl’(:cti~’<:]~c:ss of LIIC D(:sigli  h40(lific.ntioxls

‘1’tlis  t.cst dcllio]lst[atd ttlat r a t e s  o f  all  t}lc lif(-

]Irlliting cllgitlc  w e a r  arid Inaterial dcl)ositiorl l)ro
CMSCS idclltificd in L}IC 2000  }Iour test Ilavc  heel]  dra-
[Imtically reduced. l;lcclrically  corl[lrctill~ tlic scrcc!l
grid to cat)lodc co]nlnon  rcduccd its voltage rclati~c
to ariode IJotcf]tial  from 33.0 33.7 V to 24.3 \’ and ttlr
do I]l)lc-io sitl~,le ioli  current  ratio \va.S rcd~lccd  frolll
3 0  I)crcellt ill tllc co[lditiorls at tllr eIId  of tile 2 0 0 [ ) ”

I]our  test t o  al)out.  15 I,ercclit ~,y c]lallgi[lg tllc olJ-

cratillg I)oillt.  ‘1’~Icsc t w o  dcsigll cl]ati.gcs  rcsu!tcd ill

a rcductio]l  ill tllc ll~axil{iulll sc.rceli  g r i d  wenr  rate
at tllc cctltrr o f  tllc g r i d  froltl  al)out 46 lflll/kllr t o
at)out & A  dctcrltlillis!ic calcu]atioll I)a.scd 01] a  lill-
c a r  ext. ral)olat ion of tllcsc Jvcar rates y i e l d s  all ill-
crca.sr  ill scrccrl :;rid life frorl] 7,6’00  }Ic)urs  to a~mut
60,000 Ilours,  wllm crlci-of-life is defr IIed a.< coIIII)lctc
wear  tl)rougll in ttle center c)f tile g r i d .

‘Itlcsc II]cdifications also sigtlificalltly  dt,crcascd ttlc
r i s k  o f  flake  forllmtion ifl tllc disctlrtrgc ctlarrll)cr  I)y
virtually elilnillatitig ot]e of t.]lc ]Iiaill sources  of  dc-
IJc)sitcd Illatcrial. I’illn  tllickllm+ses  Illca.$llrcd  after L}lc

?000  Ilour  test suggested dcpositic)l] rates c)f 2.3 4.0
lirlj/kllr, ivl]ile ttlc IIigllest  rate Inca. surcrl  it) ttlc 1000
I]ollr test Ivas 1.5 lfll)/kllr. l:illtl adllrsiorl tc) tlIc sl)lll -

t(’r Corltairlrlir’ilt  r[KSl]  w a s  SIIOWII  10 I)(’  quik g o o d

irl t]lis !cst, aIId il) other cxl)criltw]tts  SIICII  s~]rfact’

~)r(l)ara[iolls llavc  successfully dclllorlstratcd co]ltairw

rrwrl{  c)f III)  to 3 0  jlrll tllicli  fil II Is[5]. A  dctcrr]lillis[ic
cstirllat.c I]a.scri 01] this cxl)ericrlcc yields a srr~ricc  life
of III) to 20,000 IIours  hcfore large flakes  start to forln
irl !I]c discl}argc cllarn})cr.

‘] ’IIc sc~,ctc  cat]Iodc orifice I)]atc  arid ]Icatcr crosio[l
ot)svrvcd  ill !I)c I)rcwicms t e s t  Ic;is corill)lctcly clillli-
Ilatcd ill (Ilis  tesl. (;llangcs ill o r i f i c e  l)latc thickness
o f  2’80 290 l(rlr/kllr and colIl[)lttc l)erlctratiorl  o f  tlir
tarn alum sl)catll orl I)c)tl] catltc)dc Ilcatcrs ~vcrc ot, -
srlvcd ill t II(. 2000 Ilc)ur test , tvllilc  r~o darl}agc  !(I ci -
tllcr cotlll~(>llerlt wa-s detcctalllc af[cr ttlc 1 0 0 0  lIOLII

t e s t .  ‘1’l]c rrl:~jor  dcsigll rnodificatiorl w a s  LIIc atldi -
tiorl of !Ilc cat}  IcJdc kec[)er, l)~It ttle Iligllcr  flc)w r a t e

ill tile 1 0 0 0 ”  Ilour  test lllay also lIavc  l)layed  a role,  ii.~

discussed I)clow. ‘1’llc erlgirlc  i)crforrllarlcc  ~~as lo~~cr
tl[atr  cxl)cctcd because of tllc flow rate error, but tllc

test d id  s~rcccssfully  dcrlmlstratc that tllc Crigirlc d(L-
sigrl s]lould  I)r cal)al)lc of a Ycry Iollg service life ~vitll
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NS’1’A1{  tl]rostcr, this I)ara]]icter was  irlit ially slJccl-
fied l,y a Vr, ifc)r[n distribution t]etween  0.4 and ().6,
wtliclr  are ty~~ical values for 30 ct[i opt ics  [14] .  I’axa -
day  l~robc data rlow availal)le for tllc NS’I’A1{  tllrustcr

i]ldicate t}lat tlIr- ffatricss paralnckr is 0 . 4 1 - 0 . 4 2  a t
ttlc full l)owcr I)oillt  and drcrcaws  Wittl Cllgillc \~owcr.
III l)rac.ticc,  Ille lilass loss distril)ttt  ioIl 011 tl)e grid is
hroadellcd relative to LIIC bCilIll  current dctwity })rofilc
l)y tlIc radial IIlotiol]  of tlic charge  exctla]lgc ions tle-
forr (lIcy  st rikc  tllc grirf.  I)cstrllctivc allalyscs of grids
oscd ill ttlrcc long  dura( ioil tests s)lowcd  t h a t  tllc
IIlass  loss distrit)utioll was sigtlificalltly  l)roadcr tllall
tyl)ic.al  I)calll  ffat IIcss I]ararncters,  all ctTcct wllic]l
fIIay I)c a~,~, riivatcd urldcr grou!ld test collctitiolls [12].
‘IIICSC  grids tlavc IIOt  LCCII dcstr~lctivcly  aIlalyzcd,  l)IIt

tlIc b r idge  slid l)it crosiotl rfcl)tt]s  a.s a furlctic)fl  of ra-
d i u s  car] I)c colnl)arcd with lIIC I)caln currcllt dcrlsity
distril)utiml Illca.<urcd  froro  I; M’1’2 ill l’igures ( 2 1 )
and ( 2 0 ) .  ‘1’tlc I)it dcptl) r a d i a l  distrit)utiol) is siln-
ilar  to tllc Iwwn I)rofile  out t o  a b o u t  olIc }la)f g r i d
r a d i u s  aIId ( tlct] drol)s fa.stcr  t Ilao the I)earll  currc[lt
dcllsity. ‘1’llis IIlay bc duc to a I)roadcliil]g of ttIc  ion
ill~])ii]gc]]~cl)t curlellt  at larger radii, wllic}i tlIc data
ill [12] sug~,t’st.  If (tie  I)attcrrl is wider at large  radi i ,
Ltlc wear del)ttl ll~ay drop below the resolution of ttlc
Ilwasilrclllcl}t  t.ccl~l~ique Ilut s t i l l  rcprrxmlt a  ftattcr
IIIaW loss [I It) file. III .addit  ioIl, for radii greater Lllall
til)o LIt 1  1  G ! III ttlc il]ll)irlgc[liclll  currctlt dcllsity  is
sllf[iciclltly IL)!v that Ilc( l)aclisl~uttercd carl)oii dCI)O

Sl (loll O((’ 111> ‘1’llis is ii facility cfl(ct wllicll  artificially

sul)l)lcss(,~  1 ltc II)a.w loss  or] 11](’  l)criI)llcry.  ‘J’tlc l]rol)-
al~ility  of H {l]argc  cxcliallgc iol~ stcilii]ig a Pacility  car-
1)011 a(o][l  illstcad o f  a ]nolybderluln ato]o is l)tol)or-
tiollal  to tllc s u r f a c e  coverage of Carbon.  “J’tlcreforc,
wllcrc tlIc il(~~)ill~cllicnt  currcllt density is sllfficicl~lly
lli~ll cx)IIII)~iId to the flux of l)aclisI)uttercd ]Ilatcrial
to rllailltalrl a low cquilil)riuln  carbon surface covcr-
aq,e tllc c[(lsioll  raf ts  arc  csselltially Ullaffcc[cd.  ‘1’llis
tilust  occ(lr  a( a rclativciy Well-dcfilicd (Ilrcsllold col -
rcllt dcllsily, I)ccallsc tlic trarlsitiorl frolll  IIct carl]{~il
dc[msltlo[l 10 tllc fa]nlllar l)ils a[]d groc)vc ~~attcr[l M
cxtrclllr-ly snarl), occurr ing  over  at)out 5 lIlrn at a ra-.,
dius of iil~c)llt 11.6 cln. ‘1’IIc average brictg,c crc)siol)
dcI)ttl  al)l)~ars to follow a rllorc  i)cakcd  distril)utioll
tllall ttle l)(aliI I,rofilc  oot to a r a d i u s  o f  al,out 11
c]]). At (lliit I)oillt  it also rlroi)s rapidly,  l)robably for

silnitar rcasorls, ‘J’l Icsc indicators of tllc ln~ss  loss dis  -
trit)utio]l  s(l~,gcst  that it is Irlorc  silnilar to tllc bear  II

cllrlel)t density rfistribllt  ion  thao I)rcvioms data would
itldicatc,  although  trilc  lII~$s  10ss cfistrit)utiol)s slim Ild
lW Ilwasurcd to verify tl]is.

‘1’tlc [llass  10ss is also distril)utcd Ilollolliforlllly 011 a
rnicroscol)ic  scale .  ‘lilIC origi]lal lIloricl  a.ssulned  t h a t ,
111( tl)ass  loss ~vas c o t  Ifr IId )ocal]y  t o  tllc l~its al]rl
f,r(mvcs  IJattcrll, lvllicli w a s  cllaractcrixcd I)y a  l)a-

rallictcr rcfcrrcd to Z< tll~ e r o d e d  area fractio]l. ‘1’llis
is  tllc f r a c t i o n  o f  tltc lvcl)i)illg  area covcrcd l)y tllc
I)its and ~,rooves I)attcril. ‘1’l]c tlic eroded area frac -
[iolt varies for diff’crcllt grid gco]lmtrie.s  and ol)crat-
il~g col~(litiolis  [12] a]ld tlic fac tors  tha t  control  th is

I)ararlwtcr arc ]Iot well u]ldcrstoorl,  s o  i t  was  origi-
tlally t reated l~ararllflrically irl tllc l)rol)al)ilistic analy-
sis [14], ‘1’llcsc trsts ltow l)rovide  sotnc guidallcc ill
>I)ccifyillf,  (Ilis  I]aral]wtcr arid it,s varial)itity.  ‘l’tic
~,ro(wc it’idtll  ill 111(, cclttcr o f  tllc g r i d  used  ill t h i s
tcs( was lllcasurcd froll]  ~,hotogral)l]s  and used to cal-
culate at] eroded area fracticm  of 0.41- 0.46. ‘1’tlis is
soIIIc~vl  IaL Iiigllcr tllall tfic crc)dcd area fractio~l of 0.3’7
estill~atcd  frolll  l)l~ott)p,ra])l)s of tllc accelerator  grid
frc)f]i [Ilc 2000  Il(,or test. ‘1’t)is is eitllcr rel)rcsclita -
(ivc  of true v:iriat)ility or agaili a cc)iiscqucIIcc  of tllc
diftcrellt oljcratillg co!lditiolls.

I)ata froltl  otllcr gr ids  so~+,ests  ttlat ttlc [Ims l o s s
i> Iit)t collfilIcd  s t r i c t l y  t o  tllc Ijits  arid Xroovcs  l)at-
ttrli {12]. \VllOi) tl), IIits l)rllctratc tlIc  p,ficl a  sig[)ifi -
(’;iflt  dlil  Ollllt  Of Illal{, ri ii I [[lay I)e los t  ill uildercuttillg
011 lIIC’  ll[)Str(,  iilll  <1(1(. ‘1’llis tcs( slid IIIC 2 0 0 0  Ilour
((s~ su~,~cst that sl~,lllficallt  IIIaSS  loss  IIIay also oc-
cur orl tllc JYalls ()( IIlc al)crturcs. hlciv illforl[latioll
~,aillcd frolll  tlicsc l(,sts I]as t)ccli u s e d  t o  rcfillc tlic
}~rot~allilistic al~alysis, a s  dcscribcd  iIl Ref .  [16].

(k)llll)arit]g IIIC rf>illls o f  (Ilc twc) ct)dorallcc t e s t s
(Iclllollstratcs tl]a[  IIIC scrccrl  grid crmi(]ll  rate is cx -
lraordit]arily  SC II SILIVV 10 lIIC  grid voltage relative to
at]odc I)otc])tial al),l lllc dout)]e  iorl fracti o]]. \f711Cl II
[I]c scrccll grid is {II(I 10 cathode Collltlml] it fixes  ttlis
Voltaf,e  (Ii[t’crcllcc  a( tile d i s c h a r g e  voltage.  ‘1’hc dis-

charge volta F,c  aII({ ( IIC cto(lblc  iolt co[ltcrlt call v a r y
frotli  Il)c I)ornii]:i] ttilocs a s  tllc colltrollal)le  cllgilic
I)aralllctcrs, suctl  ii~ ~)carli currcllt, [)ou’cr sul)})ly vOlt-
agcs atid ffotv rates, arc allmvcci to vary over s~wcificd
Iill]its.  ‘1’llc scrlsitivity of tllcsc I)arar[wters to L}lc al-
lowal)lc  v a r i a t i o n s  III tllc ffigllt  l~ov.,cr  I,rocessor a n d
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fmd systci]] WCIe rllca-surcd  in cll.gillc tes ts .  A  dctcr-
IIlillistic  scrcell  g r i d  lIIOdcl  ltiat  relates tile Illaxil[]u]n

scrcctl g r i d  crosic)li to ttle dout)lc  ion fractiorl, tile
g r i d  I)otclltial  and sl)uttcr yields lIaS lmI) adal)tcd to

,..
a  probablllst]c {rarncwfork Wltll driver dist,ri~,~llio)ls
sl)ccificd b y  tile sctlsitivity data [16]. ‘J’llis IIm(icl
yields results Wllictl agree l~cll wittl  crosio]l  rates froltl
tllc 2000 l]our  test aflcf irldicatcs  that scrccm grid cm
sioll is IIOt a do([iitlant failure Illocfc for olwratiol\ at
(IIC ]Ioltlillal  corldit, ions  and  allm~al~lc  illl)ut l)araliic-
tcr varial)ility

k’lnkc l“or~]]ntion

‘1’l]is test yielded valual)]c il~fortnatioll  on t)lc sources
o f  sl)ut(crecf lrmtcrial  ill tll{. cfisctlargc  ctlarnl)cr  al)d

LIIC distrihl)tion  of dc[)ositccf  II Ia.w.  At t}lcsc  oimrat-
illg co[iditioll.s ttlc surface I(:xturi[lg ill ttlc discharge
c)lallll)cr  aJ)l)cars  to I)c aciequatc to co]ltain f l a k e s
011 allodc surfaces. ‘J’llr-rc arc rIcr  lncasurcs  so far
t o  colitaill  fiakcs frol]l  tllc scrccn gr ief  IIowcvcr.  ‘J’IIc
NS’I’AI{ l)rograr[l is rclyillg 011 flake-clearirlg circuits
wit]l  sufi;  cicrit  cllcrgy to vaI)orizc  gr id-gr id  or  grid-
arlodc s n o r t s ,  arlcf ol)cratill.g  cx})cricllcc  so far sug-
gests Ltiis IIlay bc sufiicicrit. ‘J’llis l~oterltial failure
IIIOdt  lliM IIOt yet. l)r-crl trfatcd a n a l y t i c a l l y ,  and l)c-
caus( flake rorllliitiori allcl ~,rld slrorlil]g arc ilil](r(lltly
stoc. ila. s(ic I]r{lcesscs  it will require IJrobal)ilist,  ic IIlctlb
o d s .  Adcii(i(~rlal illforlllatio[l or] dclmsitioll  ra(cs allci
tllill [ill]) ffakr forlllalic)rl  rll(cllarlisllls frorrl tcslili~,  arc

rcquir(d [1].

Crrtl Iodc Rrosio]l

(;atl I<)dc orl{icc  I)latc arid Ilcatcr crosiorl  is tllc lcast-
ur[dcrs(ood oft Ilc wear I)roccsscs olm.rvcd in tlic 2000
tlour  tes t ,  irl Ilarticular  I)ccallsc  t}Ic ]Ilccliallisrll  wllicll
~)r<~(l~icm crlvr~,ctic  ior)s ill tllc Ilrar catllocic rcgiol)
i s  IIO[ k[lowrl.  ‘1’wo Tllcclrallisrns  f o r  iort acccleratiorl
t o  ci~(’r:,irx+ p,iratcr  tllall  tl]e discl~ar?;c potcmtial IIirvc
I,ccll I)ro])cwd.  Ikiccily  and Will)llr suggcslcd  t h a t
tllc iorls arc accelerated frorll  a I)otcrltial l]ulrll~  c lose
to (Ilc o r i f i c e  [ 1 7 ] .  Ifatlliilll I)rol)oscd  that tllc cur-
rcllt. (Icllsity ill ttlc or i f ice  IIlay t)c sufiicicritly Ilig,l] to
crcatc a self rliagliclic field ttlat r e s u l t s  irl rna,gllcto
gasdyl)a[llic accclcratioll  of tlIc catliodc  l)lastna [18].
}Iow(vcr,  rro attclrll,  t lIA< y e t  I,cclr rlladc to  CICVC1O})
a  q u a n t i t a t i v e  rlmcici of tllc ic)rr acccif.’ratiolt  l)roccss

I)ascci  011 citilcr o f  tiIcsc rllrcilallisrrls. ‘1’iIc  tcxtrrrirlg

of  tile catilorfc orifice l~iatc arid al)l)arcllt silaciowi]lg
in ccrtai[l areas covcrcd by tile kccl)cr  sugges ts  ti~crc
is  arl iotl s o u r c e  dowllstrcarll  of tile Iice])er  c)rificc,
‘1’ilis (icrlrons(  rates tile effect ivcllcss  of Ll]c kcci)cr M a
I)ilysicai  i)arricr wilicil [)rc)tccts  t i l e  tlcatcr  arlci [)arts

o f  tt~c catirocic  or i f ice  }Jiatc. i:ortullatcly tile w e a r
rate  of  tile kccl)cr  or i f ice  i)latc is reiativciy im- tllc
l,roi~lclll  tvas  not  sillll)iy  Iwcll tral)sfcrrcci t o  tile out-
Crlllmt strr(acc. l;xl)erilllcllts ilavc  t~ccl] lwrforrlwci  a t
(;olora(io S t a t e  Ulli)(rsity iv}lictl  SIIOW that ir)crca.+
illg t i l e  ricutrai <icrlsity irl front o f  ( i r e  catilo(ic I)y
irijccting,  llcutrai gas  r)car  tl)c  catllo(ic  c)rificc rcciuccs
tile crosioll riit(’ or] sl]rfaccs dolvrlstrcall] [19]. ‘1’ilc
kccl)cr  tllay  serve to l)rcssurizc tllc rcgiofl  ciowllstrcwn
0( t i l e  catllocic arl{i Iircrcforc IIm(icratc (ile  ior) cller-
gics,  wllicil  }voui(i  cxI)iaill  tile rc(iucc(i  crcrsioll.  flew
ever, tile salllc effect llligitt  i)c caused t)y tile IIigilcr
cati)o(ic f l o w  uscci in Lllc 1 0 0 0  tlour  t e s t . l;xl)cri-
tlwllts  Ilavc siIolv II ti]at  i]icrcasc(i  fiow ti]rougil  tiIc

catilo[ic (iccrfa$cs t i l e  cllcrgy  o f  ions  ill tllc cattlodc
J e t  [19,18],  I)ut aiso illcrea.scs  tllc I)ol)uifitioll  c)f }Iig,il
energy iorls. A t  (Ilis  ])oilrt it fil)l)ears  [Ilat ttlc e f f e c t s
o f  tllc kccl)cr arl(i tiIr iIlcrca.Sc(i fiow r a t e  corill)arc(i
to tllc 2000 Ilour  test carlrlot  i)c scl)aratcci to idcrltify

.,, (irall,at ically rc-

o f  l“l OW” li;it(!

In (iris  ai)i)cr)dix  tll( idcrltific~ttiol]  of xcllo]l  ciiffr}sioll
tilr<)ugit tile silicollc rlll)t)cr Iul)ilr?, a s  tllc cuijjrit irl
tl)c flow riilc Illca.surcl]]crl[  error, t i l e  rlw(ilo(i  usccf to
cc)rrcct, tile fi(jw rat(s all(i a corlll)arisorl  w i t h  t h e s e

llwiis~lrcr]wtlts  JYitil l~~li~lisilc(i I)crrlwal)itity ciata  a r c
I)rcsc[ltcd, ‘I’l Ic irldlcatc{i  flo!v rat(,  w a s  ol,scrvcd t o
(ir(~i~ (iralllaticaily  wilf,r[  i+ iorigcr  s(cliorl of tul)irlg was
IIscci  to collrlcct tile I)uiji)lc  volulrlctcr to tlIc flow sys
tcrr). All cxl]<rirrwllt W;LS tilcrl [)crforrlrc(i  t o  corifirrll
that (ii fl’rlsiori tilrougtl  t i l e  tut)c waiis was tile cause
of tiIc susl)cctc(i fiotv rate Ciiscrcj)allcy.  ‘J’tlc  II Ia. W loss

ralc tilrou~,ll  t i l e  t~li)irlg (iuc to (ii flusiorl  slrouiri bc
l,rc)l)ortio[lal to tllc cxj)oscci lcII~t iI of tui)irlg. A SC-

rics of calit~ra[iorls  IJcrfortllcci  lvIliI a rat~p,c of tut)illg
icIIgLiIs, ciisl)iaycd irl l:ig. ( 2 2 )  stlows cxactiy Lhc cx-

[)cctcd I)cilavior-  iol~:, cr Scclio[is o f  tut)il~~ rcsuit  ir~
i]rogrcssivcty  Iowcr ill(iicatcci fiow r<ilcs.
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Figure 24: XenoII  gas  trarlsfcr rate a.< a function  of total flow rate.

‘I’l If2 i]lctividual  f l o w  ]ncler calit)ratiorls  were rc-

[Jcatcd  w i t h  a]ld w i t h o u t  ttlc 85 cin lol  Ig scctiorl o f
lIose used in all I)rcviou.s  calibrations, ‘1’t]c flow rates
rlwasurcd ill t h e s e  t w o  calit)ratio~ls w e r e  t,tlcrl sulJ-
tractcd to dctcrllline tlic xenon loss rate througtl (IIC
t(ll,itig wall,  AI I cxarnIJlc  for  t}le ]i]ai]] flow, is SIIOWII
ill I,’i:,. (23). ‘1’IIc bul)l)le volutnctrr  and (tie  George
K .  I)orter Vo-(J-Nfcter  calil}ratioiis  c)f tl]c Inaiil flow
IIlclcr without tlIc silicone rubt)er  lIosc slIow  cxccl-
ICII(  a~,rccllw~!t,  and an e a r l i e r  l)u[~t)le  volurlw(cr  cal-

il)ra(.ioll  ]Jcrforlned  w i t h  tlIc lIOSC w a s  rcl)c:it.cd to

wit}lill ().25 })crccnt  a t  the nomitlal Inain  flow rate.
‘J’lIc xclIon loss rate through tllc tubing is Ijlo(tcd as
a function  c)f true flow for  tlic t.tlrcc  flow IImtcrs  irl
l’ig. (24). ‘1’IIc leak rata a s s o c i a t e d  w i t h  tllc TIcu-
tralizcr and catllodc flow II)ct,cr calil~rat,  ions  lla~,c 01)-
I)ositc  trcllds wllcn  j)lot,t,cd versus tllc true flow rate.
llc~wcvcr, tl]vy  vary by c)nly :1 ().1 scc[n,  so this rllay
jltst rcl)rcscltt scatter in tllc rmasurcrmllts. ‘I’l Ic ]nain

f l o w  IIwtcr  calil)ration ilidicatcs arl cff’cctivc  Icati ra te
tll[il agrcm reasonably  wel l  with t IIOSC rllca.surcd  I)Y
(I)c otllcr two  flow nj$ters at low flows but dccrcascs
wit.fl illcrcasillg  true flow. 1( is not ycL clear wily tltis
is so, I)ut  tllc rqmatahiiity of ttlc ca l ibra t ions  sug-

gests tl)at  it is a real effect. ‘J’licx+c data were used to
cc)rrcct  the flow rates froln the 1000 hour test for tllc
xcrlo[}  lost through the tubing during calibrations,

\Yc sutmcluclltly  d i s c o v e r e d  that silicorle rul)hcr
tul~illg  i s  ollc  o f  ttle [[lost  l)crlncat,lc tyi)cs of cla.L,-
tollwr llosc  arid that xenon has OIIC o f  ttlc higllrst
I,crllwal)ilitics ill silicorlc  rubt)er. ‘1’IIc II)attle[natical
trcatrnellt of gas diffusion throug]i l)olyrners is not
ulllikc  tl)at of gas  d i f fus ion  tllrougll  Iiquicts.  ‘J’l]c gas
trallsfcr rate is l)roJ)ort  ional  to ttlc collcc]ltratiorl  gra -
[I ICII( and CaII t~c cxi]resscd ill tcr~l)s o f  l~ick’s I,aw,
w,llictl call  I)c rcu, rittcn in terms of a I)art  ial l~rcssurc
~,riid]cllt  I)sing Ilc Ilry ’s l aw ,

l“ : - I’Ij r7p (1)

wl)ere t}lc I)cr[mability  c o n s t a n t  l’~j si tllc p r o d u c t

o f  tlIc difl’rlsic)n  cocfficicrlt  and tllc solul)i]ity. ‘1’llis

c{l~]atio[l  \va.s  solved fc)r the case of a cylindrical gc -
ollwtry  ill ~vllicll tllc c)i]ly ~)artial  pressure  gradicilt is
ass~IIIIcd  to I)c ill tlIe r a d i a l  dircctiorl, arid tllcrl  illtc-
~,ratcd  fro]]) tllc ililter  to tllc outer  radius  of tllc tul,e
to {)l,laill  ttlc flolrratc l~cr unit ICllgtll o f  tut)irlg.  Us-
ill~, tllc II[rasurcd I)crrllcat)ility data froth [20] tllc g a s
fral!sfcr rate tllrou~,ll  t,tlc w a l l  of a silicc)llc  tlll)c oLIL
into tllc a[llt)icnt ct]viro~l[tm]lt  WM  ca lcu la ted .  ‘1’IICSC

csti[llatcs  a.wu[llc  a  I)urc g a s  ffowillg ill tllc tuk s:)

tl,ere is 110 [Ilixillg.  ‘J’lic results arc listed ill ‘1’able (?)

f o r  rlitrogcll, argon arid xcrlorl. ‘1’hc sul,l)ly pressure
(I)ar(  ial [)rcssurc  of tlIc l)ure gas) is assu[ncd to t)c 15
I)si, tllc i[lllcr a]ld outer tube r a d i i  a r c  0 . 3 2  crn slid
0.64 cm, rcsllcctivcly. llccausc  ttlc a(nl)icllt gas is air,

?6



a  [jartial l)rc.ssure  of ] ] .7  ps i  (78  imrcellt)  tlitroge]i
is also assulned. (2). ‘1’hcsc  results arc intended to

(;ZIS 1’11 x 10R l“ x lo~ G&s  ‘Jtansfcr
(cc ClI,/ (seen,/cm) (l{ate)

( S e e  Cmhllg) (Seem)

Nz 1.67 1.6 0 . 0 1 4
Ar 4.27 18.0 0.153
xc 19.2 81.0 0.689-.

‘1’able 2: Calcula ted  gas  transfer rates irl an 85 CIII.
loIIg silicone IIOSC using published I)crmcahility  data.

l,c rc])rfxclltative  of s i l i c o n e  rut,t]cr in gcl]cral. l)if-
fcrcl~ccs  irl coln])osit ion, due to tllc usc  of fillers to
ill]~)rovc cer ta in  rncchanical  probcrtics, arc cornrtiol)
a]]d will alter tlic I)cr]ncability  values one  m e a s u r e s
with ttlc products froln different vendors. Ncvcrt.  hc-
less, tllcxc[loll g~stra~lsfcr tatccalculatcd froln tllcsc
dala agrees  rcrnarkab]y  well wi th  the  va lue  dctcr-
inilicd  fro[n  the flcnv cal ibra t ions  a t  low f low ra tes .

It also ]nakcs it clear wily ca l ibra t ion C.ollll)arisolls
wittl  ottlrr s tandards  us ing  n i t rogen  and argo~l d o
Ilot  sliow  tl~is cfTcc.t- their pcmncability i n  t h e  tutJ-
illg is IIluctl lower  than that of xenon. Salllplcs  of tile
actual tul)ing used irl tt]c  flow calibrations tl.as Lcclt
writ (cJsc\,cral lal)olat(Jrics to measure tlic actual {)ct -
rllcal)ility to colnl)are  with ttlcsc data .
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